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Abstract
World Health Organization (WHO) reported that breast cancer is the top 
cancer in women both in the developed and the developing countries. Although 
breast cancer is thought to be a disease of the developed countries, the incidence of 
breast cancer is increasing in developing countries, where the disease has becoming 
the leading cause of death. WHO added that the high mortality rates in less 
developed countries is mainly causes by majority of cases are diagnosed in late 
stages preventing curable treatment, as well as by the lack of adequate diagnosis 
and treatment facilities. Therefore, early tumour detection is very important in breast 
cancer management being able to improve the surviving rate.
Many techniques to improve the detection of tumours in the breast have been 
developed in the last few years. This study is focusing on the dual-energy technique 
of contrast-enhanced digital mammography (CEDM) to aid in the detection and 
characterization of breast lesions. Standard dual-energy (K-edge subtraction) 
methodology requires two separate acquisitions to obtain two images, below and 
above the K-edge of a given contrast agent, and is typically implemented with a 
monochromatic X-ray source. This work in mammography proposes an approach 
using a polychromatic beam, providing for clinical applications with X-ray tubes. In 
particular, with a polychromatic beam produced by a microfocal X-ray source, this 
work is aimed at assessing the feasibility of K-edge subtraction (KES) 
mammography carried out in conjunction with an iodine-based contrast agent. 
Spectroscopic information is obtained using pixellated spectroscopic detectors.
Two separate acquisitions in the standard dual-energy technique implies 
increased patient dose with respect to a conventional procedure and potentially 
incorrect image registration due to patient motion. A spectroscopic detector allows 
simultaneous acquisition of the two images by integrating appropriate bands from the 
transmitted X-ray spectrum, thus removing the above limitations. Moreover, an 
appropriate choice of the integration bands allows optimization of image quality,
Page | ii
Contrast Agent Mammography Using Spectroscopic Detectors
resulting from a trade-off between background removal (achieved with a narrow 
band as the maximum difference in the attenuation coefficient of iodine on the two 
sides of the K-edge is fully exploited) and low statistical noise (achieved with a wide 
band).
Images of a test object and a breast phantom (with a non-uniform 
background) with different detail sizes have been obtained simultaneously, above 
and below the K-edge of iodine (33.2 keV). Results obtained are presented for two 
different image subtraction algorithms: logarithmic subtraction and dual-energy linear 
combination in terms of detail visibility, quantified using the contrast-to-noise ratio 
(CNR). Effects of integrating different energy band widths, contrast agent 
concentration and entrance surface dose have been investigated for different detail 
size. Due to simultaneous acquisition, the dose is reduced and the images are free 
from motion artifacts. Whilst being conceptually simpler, logarithmic subtraction is 
strongly dependent upon the position and width of the band selected, while linear 
combination allows better background removal even with a wide energy band, and 
therefore better image quality (higher CNR). Sequence from that, the details visibility 
were compared to the results from conventional absorption imaging using a digital 
mammography unit to show the potential benefit of dual-energy imaging with a 
spectroscopic detector. With similar entrance dose, the results show better image 
quality for the spectroscopic detector. The above work has demonstrated the 
applicability of performing low-dose dual-energy imaging using a standard X-ray 
source and a spectroscopic detector.
Later on, application of dual-energy technique to real-case scenarios were 
tested. By taking into account the theoretical considerations for using a lower iodine 
concentration, the results show image subtraction cannot be done with reasonable 
dose (and timescale) to get a clear visibility of the detail. However, further 
experiment with dynamic measurements show that the spectroscopic detector was 
able to image the detail with the timescale typical of an uptake and washout curve 
using full spectrum acquisition.
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Chapter 1
1. Introduction
Contrast medium imaging (CMI), in particular in its application to 
mammography, is used to aid in the detection and characterization of suspicious 
abnormalities in the breast. The basic biological principle is that aggressive (rapidly 
growing) tumours that grow above a certain size (a few millimetres in diameter) are 
often accompanied with angiogenesis - increased formation of blood vessels 
(Skarpathiotakis et al. 2002). This new blood vessel formation delivers oxygen and 
nutrients necessary for growth and survival for a tumour, therefore the growth and 
metastatic potential of tumours can be linked directly to the extent of surrounding 
angiogenesis (Skarpathiotakis et al. 2002) These new blood vessels multiply rapidly 
in a disorganized way and are very poor quality, often result in leaky blood vessels, 
causing blood to pool around the tumour (Skarpathiotakis et al. 2002). For this 
reason, intravenous injections of contrast medium will result in an increased 
concentration of contrast material around the tumour.
Contrast-enhanced mammography has the potential to detect early stage 
breast malignancies by detecting signs of angiogenesis, highlighted in the X-ray 
images of the breast (Smith, Hall & Marcello 2004). The iodinated contrast agents 
administered through an injection in the vein, usually in the arm (the antecubital vein 
of the arm contralateral to the breast of concern (Dromain et al. 2006)), distribute 
throughout the blood system and concentrate in the areas of high blood flow and 
increased vascularity (angiogenesis), indicating the presence of tumour (Smith, Hall 
& Marcello 2004). Besides aiding in tumours detection, angiogenesis is also can be
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used to characterize tumours in the breast. By tracking the uptake and washout of 
contrast agents in the surrounding of a tumour, the malignant tumours can be 
differentiated from the benign (Skarpathiotakis et al. 2002).
Many methods to improve the detection and characterization of breast lesions 
using contrast agents have been developed in the last few years. However, currently 
the used of contrast agents in breast imaging, other than in MRI, is not widespread 
(Robson 2010). Contrast-enhanced breast magnetic resonance imaging (MRI), using 
gadolinium-based contrast agent Gd-DTPA, is currently considered to be the most 
sensitive imaging technique to explore angiogenesis providing its location, structure 
and volume in breast carcinoma (3D information) (Dromain et al. 2009). Several 
studies have reported of a high accuracy of breast lesions’ detection and 
characterization using contrast-enhanced MRI (Skarpathiotakis et al. 2002). 
However, contrast-enhanced breast MRI is limited for its widespread use by both the 
high cost and the limited access to scanner time due to the length of MR procedures 
(Skarpathiotakis et al. 2002). The limitation paved the way to search for new clinical 
applications to improve breast cancer detection. The arrival of digital mammography 
has stimulated the exploration of cost-effective and quicker alternatives to contrast- 
enhanced breast MRI (Karellas, Vedantham 2008) by offering new capabilities not 
provided by conventional film-screen mammography. Several mammographie 
techniques that use iodine contrast agents have been proposed to improve the 
visualization of malignant lesions in the breast (Robson 2010).
Contrast-enhanced digital mammography (CEDM) is a development of digital 
mammography using the intravenous injection of an iodinated contrast agent in 
conjunction with a mammography examination (Dromain et al. 2009). Dromain et al 
(Dromain et al. 2009) suggested from initial clinical experience that CEDM has the 
ability to map the distribution of new blood vessels induced by cancer using 
mammography at the high resolutions possible with digital mammography. In both 
techniques developed to perform CEDM, the dual energy technique and the 
temporal technique, the resulting images are reviewed for contrast enhancement 
intensity.
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This study is focusing only on the dual energy technique of CEDM, being the 
particular technique of interest in this research. The contrast-enhanced dual energy 
technique (K-edge subtraction (KES) imaging) exploits the energy dependence of 
the X-ray attenuation through materials of different compositions in the breast, 
specifically iodine (Z=53) and soft tissues (Zeff=7) (Dromain et al. 2009). This 
technique exploits the K-edge of the contrast agent injected by acquiring a pair of 
low and high-energy images using beam energies below and above the iodine K- 
edge in order to maximise the contrast of the injected iodine. The images are 
obtained after the injection of the contrast agent with the two exposures taken in 
quick succession (Robson 2010). Then, logarithmic subtraction (combination) of the 
two images is performed to generate a dual energy image with enhanced contrast 
uptake areas, by effectively removing areas that have not taken up the contrast 
agent from the image areas (Robson 2010).
K-edge subtraction (KES) imaging is typically implemented with a 
monochromatic X-ray source available at synchrotron radiation facilities and 
considered as gold standard because of the possibility to create very intense (high 
intensity) monochromatic X-ray beams (energy spread-<0.1 keV), and the possibility 
of finely tuning the beam energy with the energy separation between the incident 
beams bracketing the contrast medium K-edge is less than 1 keV (Sarnelli et al. 
2007). This allows two images to be taken at energies just below and just above the 
K-edge of a contrast agent, thus maximizing the differences in absorption in regions 
where the contrast agent is present, and minimizing the differences in other regions 
(Rani et al. 2011).
The main limitation of the dual energy technique lies in the need for 
monochromatic, energy-tunable beams to fully exploit the maximum difference in the 
attenuation coefficient of the contrast agent below and above the K-edge (Rani et al. 
2011). Although some work has been carried out to identify suitable combinations of 
polychromatic spectra, the contrast achieved is lower than that achieved with 
monochromatic beams as the maximum difference in the attenuation coefficient of 
the contrast agent below and above the K-edge is not fully exploited (Rani et al. 
2011). This makes the dual energy technique difficult to be implemented with a
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conventional imaging system. A true separation between the low and high energy is 
not possible with a conventional X-ray source due to the broad energy spectrum 
produced. Despite that, the cost of a synchrotron prevents its use for clinical 
diagnostic imaging (Zhong et al. 1997).
Another limitation of this technique lies in the need for a double exposure, 
implying increased patient dose with respect to a conventional procedure and 
potentially artifacts resulting from incorrect image registration due to patient motion.
1.1 Motivation
This study aims to evaluate the feasibility of K-edge subtraction (KES) 
imaging, based on the use of position-sensitive spectroscopic detectors and of a 
polychromatic beam from a conventional X-ray source.
This study proposes an approach, using the spectroscopic information 
provided by the detector, allowing the selection of two arbitrary energy bands, below 
the K-edge and above the K-edge, respectively to be integrated to form images 
below and above the K-edge. In this way, the two images required for K-edge 
subtraction can be acquired with a single exposure (Rani et al. 2011).
The advantage of the method proposed here is that by allowing the selection 
of arbitrary energy bands from the transmitted X-ray spectrum, the maximum 
difference in the attenuation coefficient of the contrast agent below and above the K- 
edge can be fully exploited. This allows higher contrast to be achieved than that 
achieved with standard methods used for conventional sources, and still offers better 
accessibility for clinical applications than a synchrotron-based technique (Rani et al.
2011).
Another advantage of the method is that as the two images below and above 
the K-edge are acquired simultaneously, this allows the dose to the patient to be 
reduced by a factor of two, and the subtracted images to be free from potentially 
artifacts resulting from incorrect image registration due to patient motion.
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1.2 Structure of Thesis
All the detector arrays used in this study are HEXITEC detectors. HEXITEC is 
a collaborative project between the Universities of Manchester, Durham, Surrey, 
Birkbeck and the Science and Technology Facilities Council (STFC) with the aim of 
developing a new range of detectors for high energy X-ray imaging for applications 
including medical. The Project has been funded by the Engineering and Physical 
Sciences Research Council (EPSRC) on behalf of the Research Councils UK 
(RCUK) under the Basic Technology Programme.
Chapter 1: This chapter provides an introduction to the thesis, outlining the 
motivation and goals of the work and then detailing the structure of the thesis.
Chapter 2: This chapter presents a review of the existing literature and underpinning 
theory, including interactions of radiation with matter, focusing only on the photons in 
the diagnostic energy range (15-150 keV), being the particular radiation of interest in 
this study, attenuation of X-rays, an overview of breast imaging, contrast-enhanced 
digital mammography (CEDM), in particular a discussion of the techniques (dual­
energy, temporal subtraction), including an explanation of the X-ray spectral 
optimization, contrast agent (this section explaining different types of contrast 
agents, typical concentrations of contrast agents, possible adverse reactions of 
contrast agents), and finally; compound semiconductor detectors: CdTe, CZT (in 
particular a discussion of the properties of compound semiconductor detectors).
Chapters: In this chapter, the purpose of the study is to evaluate the feasibility of K- 
edge subtraction imaging by using the concept explained in Chapter 1.1. In the first 
part, the work has been carried out with a single pixel CdTe detector, with a 
conventional spectroscopic chain. Then, in the second part, the work has been 
carried out with a 20 x 20 pixel array CZT and a 20 x 20 pixel array CdTe 
spectroscopic detectors, with 250 x 250 pm2 each pixel, for a total active area of 0.5 
x 0.5 cm2, 2 mm thick and equipped with custom readout electronics. Images of a 
test object containing different amounts of iodine- based contrast agent were formed 
below and above the iodine K-edge (33.2 keV) by integrating, pixel by pixel, different
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bands of the spectrum. Logarithmic subtraction (combination) of the two images is 
performed to generate a dual energy image. Results are presented for the detectors, 
showing the detail visibility for different energy band width, contrast agent 
concentration and entrance surface doses.
Chapter 4: In this chapter, the work from Chapter 3 is continued by replacing the 
test object with a custom-made breast phantom (where the test object becomes part 
of the phantom) that simulates the breast structures. The work has been carried out 
with a 80 x 80 pixel array CdTe detector with 250 x 250 pm2 each pixel, for a total 
active area of 2.0 x 2.0 cm2, 1 mm thick and equipped with custom readout 
electronics. Results are presented for two different image subtraction algorithms: 
logarithmic subtraction and dual-energy linear combination.
Chapter 5: In this chapter, the application of the technique to real case scenarios 
were tested. Here, a very low iodine concentration of 4.0-4.2 mg/cm2 is used, which 
is around the average projected iodine concentration in malignant and benign 
masses in the subtracted images of breast, as reported in Jong et al. 2003. 
Theoretical considerations were taken for using a very low concentration, where the 
typical exposure needed to ensure visibility of the detail above noise as a function of 
concentration and detail thickness is calculated. Then, an experimental study was 
carried out to evaluate the visibility of the detail in the subtracted images obtained 
using both image subtraction algorithms: logarithmic subtraction and dual-energy 
linear combination. Finally, dynamic measurements using a dynamic breast phantom 
were carried out with full spectrum acquisitions.
Chapter 6: In this chapter the conclusions of this research are presented, including 
suggestions for possible future work.
Published paper and a list of conference presentations arising from this work are 
attached in the Appendix A.
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Chapter 2
2. Literature Review and Underpinning 
Theory
2.1 Interactions of radiation with matter
In the following, explanation of the interactions of radiation with matter will be 
provided, focusing only on the diagnostic energy range (15 to 150 keV), being the 
particular radiation of interest in this research.
When traversing matter, photons will penetrate without interaction, be 
scattered or be absorbed. In medical imaging, the photons used to produce the 
image must be capable of penetrating body’s tissues and are also required to 
interact (absorption or scattering) with those tissues. Without interaction, the 
detected photons would not contain any useful information regarding the internal 
anatomy, and thus it would not be possible to construct an image of the anatomy 
using that information (Bushberg et al. 2012).
Three major types of photons interactions with matter in the diagnostic energy 
range are (1) Rayleigh scattering (2) Compton scattering and (3) photoelectric 
absorption, with Rayleigh scattering and photoelectric absorption dominating for the 
low energy X-rays and Compton scattering, being the most probable process in the 
diagnostic energy range above 26 keV in soft tissue, and up to approximately 30 
MeV (Bushberg et al. 2012).
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2.1.1 Rayleigh scattering
Rayleigh scattering is also referred to as coherent (elastic) scattering. In the 
Rayleigh scattering interaction, an incident photon interacts with an atom and excites 
the total atom. The electric field of the incident photon’s electromagnetic wave emits 
energy, causing all of the electrons in the scattering atom to oscillate in phase. The 
atom’s electron cloud immediately radiates this energy, emitting a scattered photon
(referred to as the Rayleigh scattered photon) with the same wavelength /I and 
energy but in a slightly different direction at an angle 6 relative to its original 
trajectory (Bushberg et al. 2012).
The following diagram (Figure 2-1) demonstrates the Rayleigh scattering 
process (Bushberg et al. 2012).
Scattered
photon
Incident
photon
À/-j — À<2
Figure 2-1: Diagram illustrating the Rayleigh scattering process (Bushberg et al. 2012).
Applying the conservation of energy law, the energy of the incident photon E0 
is equal to the energy of the scattered photon Esc as shown in the equation (2.1).
Page 8 of 183
Contrast Agent Mammography Using Spectroscopic Detectors
E 0 “  E sc .........................................................(2.1)
where: Eg is the energy of the incident photon and Esc is the energy of the 
scattered photon.
Rayleigh scattered photons are typically emitted in the forward direction close 
to the trajectory of the incident photon and as the incident photon energy increases, 
the scattering angle 6 decreases (Bushberg et al. 2012). In medical imaging, this 
mechanism causes an unwanted effect on image quality. The scattered photons that 
are scattered more toward the forward direction are much more likely to be detected 
by the image receptor. Detection of the scattered photons by image receptor will 
contribute to a degradation of image contrast.
However, the interaction predominates for low energy photon interactions and 
increases in high atomic number, Z absorber materials; thus, it has a low probability 
of occurrence in the diagnostic energy range and in soft tissue. In soft tissue, 
Rayleigh scattering accounts for less than 5% of X-ray interactions above 70 keV 
and at most only accounts for about 10% of interactions at 30 keV. (Bushberg et al.
2012).
2.1.2 Compton scattering
Compton interactions are also referred to as incoherent (inelastic) scattering.
In the Compton scattering interaction, an incident photon interacts with an 
outer (valence) shell electron of an atom. The photon transfers part of its energy to 
the electron and is emitted at an angle 0 relative to its original trajectory (referred to 
as the Compton scattered photon); simultaneously, the electron receiving a portion 
of the photon energy is ejected from the atom at an angle (p (referred to as the
Compton electron). The Compton scattering process is demonstrated in the following 
diagram:
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Compton scattering
Valence electrons
Compton 
electron (Ee„)
«  H ,l‘  Vx
Angle of deflection
'x  Scattered 
' photon (Esc)
Figure 2-2: Diagram demonstrating the Compton scattering process (Bushberg et al. 2012).
As with all types of interactions, both energy and momentum must be 
conserved. Applying the conservation of energy and momentum laws, the energy of 
the incident photon E0 is equal to the sum of the energy of the scattered photon Esc 
and the kinetic energy of the ejected electron Ee as shown in the equation (2.2). The 
binding energy of the ejected electron is comparatively small and can be ignored.
E 0 = Esc + Ee ...................................................... (2.2)
where: EQ is the energy of the incident photon, Esc is the energy of the 
scattered photon and Ee is the kinetic energy of the ejected electron.
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The scattered photon energy is given by
/  +  - \ ( / - < W )  ............................... ( ^ )
m 0 c
where: 6 is the angle of the scattered photon relative to the incident photon 
original trajectory and nigc  ^=511 keV is the rest mass energy of electron.
As the incident photon energy increases, both scattered photons and 
electrons are scattered closer toward the original trajectory of the incident photon. 
Subsequently, with increase in the incident photon energy, less fraction of energy is 
transferred to the scattered photon and the majority of the energy is transferred to 
the electron.
When the scattering angle 6 is very small, very little energy is transferred from 
the incident photon to the scattered photon, with the maximum energy of the 
scattered photon is limited to 511 keV at 90° scattering. The electrons will receive 
the maximum possible energy from the incident photon if the scattering angle is 
180°; however, the scattering angle for the ejected electron cannot exceed 90°. The 
scattering angle for scattered photon can be any value including a 180°-backscatter. 
The limit on both scattering angle and energy transfer results from the conservation 
of energy and momentum laws (Bushberg et al. 2012).
The probability of a Compton interaction increases, compared to Rayleigh 
scattering or photoelectric absorption, as the incident photon energy increases. The 
probability of Compton interaction also depends on the electron density (number of 
electrons/unit mass x density). With the exception of Hydrogen, the total number of 
electrons per unit mass is approximately constant in tissue, thus the probability of
Page 11 of 183
Contrast Agent Mammography Using Spectroscopic Detectors
Compton scattering per unit mass is nearly independent of Z, and the probability of 
Compton scattering per unit volume is approximately proportional to the density of 
the material. Hydrogenous materials have a higher probability of Compton scattering 
than a nonhydrogenous material of equal mass due to the absence of neutrons in 
the Hydrogen atom; which results in an approximate doubling of electron density.
For Compton scattering to occur, the energy of the incident photon must be 
significantly greater than the electron’s binding energy. Thus, in contrast to Rayleigh 
scattering and photoelectric absorption, the probability of Compton interaction 
increases as the incident photon energy increases.
The scattered photon may traverse the absorber material without interaction 
or may undergo subsequent interactions (Compton scattering, photoelectric 
absorption or Rayleigh scattering) and the ejected electron will lose its kinetic energy 
through excitation and ionization of atoms in the surrounding material.
2.1.3 Photoelectric absorption
In the photoelectric absorption interaction, an incident photon interacts with a 
tightly bound electron of an absorber atom (Khan 2010). The photon transfers all of 
its energy to the electron; in which the electron is ejected from the atom (referred to 
as the photoelectron). The incident photon disappears as its energy is totally 
absorbed by the photoelectron. The diagram in Figure 2.3 demonstrates the 
photoelectric absorption interaction (Bushberg et al. 2012).
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67 keV photoelectron
Characteristic
X-rays:
Binding energy (keV)
100 keV 
incident 
photon
A: 1 keV (N->M) 
B: 4 keV (M->L) 
C: 28 keV (L-»K)
Figure 2-3: Photoelectric absorption (Bushberg et al. 2012).
Applying the conservation of energy law, the kinetic energy of the ejected 
photoelectron is equal to the energy of the incident photon minus the binding energy 
of the photoelectron in its original shell, and given by the following equation:
where: Ee is the kinetic energy of the ejected photoelectron, E0 is the energy 
of the incident photon and Eb is the binding energy of the photoelectron in its 
original shell.
A vacancy is created in the electron shell as a result of the photoelectron 
being ejected. With the atom in an excited state, the vacancy is quickly filled by an 
electron from a shell with a lower binding energy that creates another vacancy, 
which, in turn, is filled by an electron from an even lower binding energy shell, 
creating an electron cascade from outer to inner shells (Bushberg et al. 2012). The
(2.4)
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difference in binding energy of the electron transition is released as either 
characteristic X-rays or auger electrons.
The incident photon energy must be greater than or equal to the binding 
energy of the electron that is ejected for photoelectric interaction to occur. The 
photoelectron is most likely one for which binding energy is closest to, but less than, 
the incident photon energy, for example, for photons whose energies exceed the K- 
shell binding energy, photoelectric interactions with K-shell electrons are most 
probable (Bushberg et al. 2012).
The mass attenuation coefficient is a measurement of how strongly an 
absorber material attenuates or absorbs the incident photon at a given wavelength, 
per unit mass. The mass attenuation coefficient is also called mass absorption 
coefficient.
Photoelectric absorption predominates for low energy photon interactions and 
increases in high atomic number, Z, absorber materials. The probability of the 
photoelectric absorption per unit mass is expressed in the following relation:
t' Z 3
—  a  —  
P E03 ...................................................................... (2.5)
where T is the probability of the photoelectric absorption, p  is the density 
of material, Z  is the atomic number and EQ is the energy of the incident photon.
As photoelectric interaction dominates when lower energy photons interact 
with high Z material, photoelectric process in soft tissues with radiographic contrast 
materials, which have much higher atomic number than soft tissues, plays an 
important role in medical imaging to improve the image contrast, through 
amplification of the differences in attenuation.
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2.1.3.1 Absorption edge
In general, for every element, the probability of the photoelectric absorption 
interaction decreases, as a function of photon energy.
However, absorption edge is a sudden increase in the photoelectric mass 
attenuation coefficient, occuring due to increased probability of photoelectric 
interaction when the photon energy just exceeds the binding energy of inner shell 
electrons. For example, the photoelectric mass attenuation coefficient of iodine 
increases sharply at 33.2 keV (K-absorption edge of iodine atom) when the photon 
energy just exceeds the binding energy of the K shell electron of the atom. Beyond 
the absorption edge, if the photon energy is increased, the probability of the 
photoelectric interaction will continue to decrease approximately as 1/E3 (Khan 
2010).
For photoelectric interaction to occur, the incident photon energy must be 
equal or greater than the binding energy of the interacting electron in a particular 
atomic shell or sub-shell, thus the photon energy corresponding to an absorption 
edge is the binding energy of the electrons in that particular shell or sub-shell 
(Bushberg et al. 2012). The probability of photoelectric interaction for photons of 
energy just above an absorption edge is much greater than that of photons of energy 
just below the edge due to the fact that an incident beam cannot go through 
photoelectric interaction with an electron if its energy is less than the binding energy 
of that electron. An absorption edge is designated by a letter, representing the 
atomic shell of the electrons, followed by a number denoting the sub-shell (e.g., K, 
L1, L 2 ,13, etc.) (Bushberg et al. 2012).
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Figure 2-4: Photoelectric mass attenuation coefficients for tissue (2^=7), iodine (Z=53) and barium 
(Z=56) as a function of energy. Graph of the probability of the photoelectric effect, as a function of 
photon energy, exhibits sharp discontinuities called absorption edges (Bushberg et al. 2002).
The photoelectric interaction depends strongly on the atomic number of the 
absorbing materials, thus the absorption edge energy increases with the atomic 
number, Z of the element. The primary elements comprising soft tissue (H, C, N, and 
O) have absorption edges below 1 keV and the elements iodine (Z = 53) and barium 
(Z = 56) commonly used in radiographic contrast agents to provide enhanced X-ray 
attenuation, have K-absorption edges of 33.2 and 37.4 keV, respectively (obtained 
from the XCOM database (Berger, Hubbell).
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2.2 Attenuation of X-rays
Attenuation of X-rays is the removal of photons from a beam of X-rays as it 
passes through absorbing material, caused by both absorption and scattering 
interactions of the incident beam. The Rayleigh scattering, Compton scattering and 
photoelectric absorption interaction mechanisms contribute to the attenuation 
processes in soft tissue to varying extend.
Mass Attenuation Coefficients for Soft Tissue
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Figure 2-5: Graph of the Rayleigh scattering, Compton scattering, photoelectric absorption, pair 
production and total mass attenuation coefficients for soft tissue (2^=7) as a function energy 
(Bushberg et al. 2002).
Figure 2.5 shows that when lower energy photons interact with low atomic 
number (Z) materials such as soft tissues, photoelectric effect dominates the 
attenuation processes. As the photon energy increases, Compton scattering 
dominates. Rayleigh scattering occurs in medical imaging with low probability, 
comprising about 10% of the interactions in mammography and 5% in chest 
radiography (Bushberg et al. 2012). Pair production interaction contribute to
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attenuation above 1.022 MeV, which is beyond the diagnostic energy range; for this 
reason, it wasn't included in this review.
2.2.1 Linear attenuation coefficient
The linear attenuation coefficient is the fraction of photons removed from a 
monoenergetic beam per unit thickness of material, either by absorption or 
scattering. The linear attenuation coefficient ( I*  ) characterizes how easily a material 
can be penetrated by a monoenergetic beam of X-rays per unit thickness of material.
For a monoenergetic beam of photons incident on an absorber material, an 
exponential relationship between the number of incident photons ( N0) and photons
that are transmitted {N)  through a thickness x without interaction is expressed in 
the following relation (Bushberg et al. 2012):
N  =  V ~ //V ......................................................... (2.6)
The unit of ju is inverse centimetres (cm-1). In the diagnostic energy range, the 
linear attenuation coefficient decreases when photon energy is increased, with 
exception at absorption edge.
2.2.2 Mass attenuation coefficient
The attenuation produced by a material with a thickness jc is proportional to 
the number of electrons in that thickness, thus linear attenuation coefficient depends 
on the density of the material. This dependency to the density can be overcome by 
dividing //with /?and the resulting mass attenuation coefficient fj/p  is independent of 
density.
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 < - >
Equation (2.6) can be rewritten as
„ , ................
where poc is called mass thickness (or area density).
2.3 Breast Imaging
Until now, mammography remains to be the main imaging modality for breast 
cancer screening because it is a low-cost, low-radiation dose procedure that has the 
sensitivity to detect breast cancer at an earlier, more treatable stage. Mammographie 
features characteristic of breast cancer are masses, particularly ones with irregular 
or “spiculated” margins; clusters of microcalcifications; and architectural distortions of 
breast structures (Bushberg et al. 2012). Breast is exclusively soft tissue and normal 
and abnormal soft tissues have very similar radiographic properties (Robson 2010). 
Low intrinsic tissue contrast due to the small differences in the attenuation 
coefficients of tumours, glandular tissue and adipose tissue in the breast set a 
fundamental limit on the visualization of small tumours (Johns, Yaffe 1987). The 
differences in the attenuation coefficients of normal and malignant tissues in the 
breast is very small, ranging from 4% at 15 keV to 1% at 25 keV (Johns, Yaffe 1987). 
Subject contrast is highest at low X-ray energies (10 to 15 keV) and reduced at 
higher energies (e.g., greater than 30 keV) (Bushberg et al. 2012). The commercial 
digital mammography units have been designed specifically to optimise the small 
attenuation differences between normal and cancerous tissue. In commercial digital 
mammography units, the tube port and added tube filters play an important role in
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shaping the mammography X-ray energy spectrum (Bushberg et al. 2012). The tube 
port window is made of beryllium, where the low atomic number (Z=4) of beryllium 
and the small thickness of the window (0.5 to 1 mm) allow the transmission of all but 
the lowest energy (less than 5 keV) bremsstrahlung X-rays. In addition, the added X- 
ray tube filtration (Mo and Rh) improves the energy distribution of the mammography 
output spectrum by selectively removing the lowest and highest energy X-rays from 
the X-ray beam, while largely transmitting desired X-ray energies for breast imaging 
(Bushberg et al. 2012). Despite this, its performance is limited when the tumour size 
is small (<4mm) and in examinations involving dense breasts (Arvanitis, Speller 
2009). Additionally, it does not provide adequate information for tissue 
characterization such as differentiation between benign and malignant tumours 
(Arvanitis, Speller 2009). Image quality requirements required by the National Health 
Service Breast Screening Programme (NHSBSP) UK are to achieve optimum image 
quality with as low a radiation dose as practicable and these requirements are in line 
with the aim of this study to evaluate a technique to achieve higher image contrast 
than that obtained with the conventional mammography with reduced dose to the 
patient.
From the clinical point of view, the complexity of anatomical structure within 
the breast represents the ultimate limit to signal detection (Taibi 2009). A ‘cluttered’ 
background arises from non-uniformity in the structure of normal tissues (glandular 
and adipose) in the breast and this may prevent the detection of small lesions, 
especially in the presence of dense glandular tissue (Avila et al. 2005). The detection 
of lesions in the glandular part of a breast is very difficult particularly for a dense 
fibrous breast which is common in younger women (Robson 2010). Masking of a low 
contrast object such as a lesion by the presence of dense normal tissue above or 
below it, also superimposition of different layers of the normal tissues appearing as 
architectural distortion or lesion can lead to false diagnosis in mammography 
(Robson 2010).
Thus, an imaging approach such as injection of a suitable contrast medium to 
artificially enhance the contrast of intrinsically low-contrast details (tumours) is
Page 20 of 183
Contrast Agent Mammography Using Spectroscopic Detectors
necessary. In this way, the visibility of tumours in the cluttered background of normal 
breast tissue can be enhanced.
However, to increase lesion conspicuity, contrast enhancement alone may not 
be enough to give a significant detectability of lesions. Additional application of 
image subtraction methods is needed to remove the anatomical structure in breast 
X-ray imaging (Taibi 2009) so that only the signal due to the contrast agent remains, 
allowing the increased visibility and quantitative assessment (Suhonen et al. 2008).
2.3.1 Mean Glandular Breast Dose (MGD)
There is a significant risk of radiation-induced carcinogenesis associated with 
X-ray mammography, and the determination of mean glandular breast dose (MGD) 
(Dance et al. 1999) forms an important part of the quality control of mammographie 
imaging systems (Dance et al. 2000). Because of the difficulty of estimating MGD 
directly, the MGD is estimated by calculation. According to Dance (1990), mean 
glandular dose, MGD, is calculated using
D  =  K g  .........................................................................(2.9)
where K  is the incident air kerma at the upper surface of the breast measured 
without backscatter, g  is the incident air kerma to mean glandular dose conversion 
factor (g-factor). The tabulated g-factors correspond to a glandularity of 50% (Dance 
et al. 2000).
Kerma (Kinetic Energy Released per unit Mass) is a quantity to emphasise 
the two stage process that takes place when indirectly ionising particles such as 
photons impart energy to matter (Greening 1985). In the first stage, the uncharged 
particles transfer energy to the kinetic energy of charged particles (Kerma) then in 
the second stage, those charged particles impart energy (absorbed dose) to matter
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(Greening 1985). The quantity Kerma is useful in considering the first of these two 
processes (Greening 1985).
It is proposed (Dance et al. 2000) that equation (2.9) is now extended to
D  = Kgcs ...............................................(2.10)
where the factor g  is unchanged, the factor c corrects for any difference in 
breast composition from 50% glandularity and the factor s corrects for any difference 
from the original tabulation by Dance (1990) due to the use of a different X-ray 
spectrum (Dance et al. 2000). The tables of factors g, c and j  are given in Dance et 
al. 2000.
2.4 Contrast-enhanced digital mammography (CEDM)
Contrast-enhanced digital mammography (CEDM) is a technique in digital 
mammography using intravenous injection of contrast agent in conjunction with a 
mammography examination to enhance the detection and characterization of breast 
lesions (Dromain et al. 2009). Two techniques have been developed to perform 
CEDM: the dual energy technique and the temporal subtraction technique (Dromain 
et al. 2009). Both techniques exploit the energy dependence of the X-ray attenuation 
through materials of different compositions, specifically iodine and soft tissues 
(Dromain et al. 2009).
For high-energy images, both techniques require an adaptation of the digital 
mammography system through use of higher X-ray tube voltage ranging between 
45-49 kVp instead of 26-32 kVp as in conventional digital mammography with 
addition of significant filtration to shape the X-ray energy spectrum so that the X-ray 
beam have maximum energies (just) above the K-edge of iodine (33.2 keV) 
(Dromain et al. 2009).
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2.4.1 Advantages and disadvantages of the CEDM techniques
2.4.1.1 Dual energy technique (K-edge subtraction imaging)
In dual-energy technique, a pair of low and high-energy images is acquired 
only after contrast medium injection (Dromain et al. 2009). The mean energies of the 
two X-ray beams (low- and high-energy) have to bracket the K-edge of the contrast 
medium. In this technique, the low-energy image is acquired using a standard 
mammographie spectrum but for the high-energy image the X-ray spectrum must be 
shaped to incorporate the highest possible proportion of X-rays with energies above 
the iodine K-edge (Dromain et al. 2009). The ideal low-energy spectrum would be a 
narrow spectrum with a peak centred just below 33.2 keV and similarly, the ideal 
high-energy spectrum would be a narrow spectrum with a peak centred just above
33.2 keV (Lewin et al. 2003).
Logarithmic subtraction (combination) of the two images is performed to 
generate a dual energy image with enhanced contrast uptake areas, by effectively 
removing areas that have not taken up the contrast agent from the image areas 
(Robson 2010). Attenuation coefficients for soft tissues are virtually identical for the 
two energies, so subtraction eliminates the background and reveals the distribution 
of the contrast agent alone (Gillam et al. 2009). The resulting dual energy images 
are assessed based on contrast enhancement intensity and structure (morphology) 
(Dromain et al. 2009).
With two exposures for a pair of low and high-energy images, the total 
radiation dose delivered to a patient is estimated to be around 20-50% higher than 
the dose of a single projection of conventional digital mammographie examination; 
the percentage varies relying on factors such as breast thickness and breast tissue 
composition (Dromain et al. 2009).
The clinical application of dual energy technique has been limited by the 
absence of suitable dichromatic X-ray sources (Prino et al. 2008). The 
monochromatic X-ray beam produced with synchrotron radiation is considered as a 
gold standard for dual energy imaging due to the high intensity of the monochromatic 
beam and possibility to finely tune the beam energy to have two energies (below and
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above) very close to the K-edge of the contrast material (Prino et al. 2008). 
However, using synchrotrons for clinical application of dual energy imaging is not 
practical due to very high cost and limited number of the imaging beamlines in the 
world (Prino et al. 2008).
2.4.1.2 Temporal subtraction technique
In the temporal subtraction technique, acquisition of high-energy digital 
mammography images is before and after contrast medium injection (Dromain et al.
2009). All the images are obtained at the same energy. The tube settings are 
typically adjusted to between 45-49 kVp (instead of 26-32 kVp for conventional 
digital mammography) and appropriate filtration is used to shape the energy 
spectrum to incorporate the highest possible proportion of X-rays with energies (just) 
above the iodine K-edge (Dromain et al. 2009), (Arvanitis, Royle & Speller 2007). 
This is to ensure high contrast of iodinated regions of the breast with respect to non- 
iodinated regions (Skarpathiotakis et al. 2002). A single pre-contrast image (mask 
image) is acquired before the injection of the contrast agent, followed by a series of 
several post-injection images acquired after the injection (Dromain et al. 2009). In 
most published studies, about three to five post-contrast images are acquired at 
intervals of 1 minute (Diekmann, Bick 2007). In most investigations (Dromain et al. 
2006), (Lewin et al. 2003), (Jong et al. 2003b) the contrast agent is administered at a 
concentration of 1-1.5 ml/kg body weight. Similar to the dual energy technique, the 
pre-contrast image is subtracted from each of the subsequent post-contrast images 
to enhance the contrast uptake areas, by removing the background by simple 
subtraction (Dromain et al. 2009). Image analysis requires image registration 
software to compensate for possible patient movement that could translate into 
artifacts in the subtracted images (Dromain et al. 2009). Regions of interest can be 
placed at regions of early enhancement and adjacent breast tissue to analyze the 
uptake and the washout of the contrast agent (Dromain et al. 2009).
The uptake and washout patterns of the contrast agent into and out of the 
lesion are used to assess the probability of malignancy (Dromain et al. 2009). The
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kinetic curve of enhancement is a graph of values of differential enhancement 
between lesion and normal breast tissue plotted versus time. Benign and malignant 
lesions can be differentiated according to the strength of enhancement observed in 
the sequence of subtracted images (Skarpathiotakis et al. 2002). Subtracted images 
of malignant lesions will show a rapid and strong increase of iodine amount in the 
surrounding of the lesions followed by a washout, and benign lesions will show a 
slow and less or no enhancement at all (Skarpathiotakis et al. 2002).
The total radiation dose (mean glandular dose, MGD) delivered to a patient 
for the entire examination with five postinjection exposures is ranging between 1-3 
mGy, similar to a single projection of conventional screen-film mammographie 
examination (Skarpathiotakis et al. 2002). Mean glandular dose is the mean dose 
received by the glandular tissue for that specific energy, breast composition, and 
compressed thickness and is an approximation of the actual patient dose. The low 
absorbed dose delivered to the patient is due to the high energy of the X-ray beam 
used, relative to the conventional mammography.
Motion artifacts have an important impact in this technique because with only 
minimal compression of the breast and acquisition time for over several minutes it is 
difficult to keep the breast motionless (Dromain et al. 2009). In the temporal 
subtraction technique, only a light compression (to limit motion) is applied to the 
breast (Dromain et al. 2009). If significant compression is applied, pressure in the 
breast can be high enough to reduce the blood flow and when contrast medium is 
injected following the pre-contrast image, it will results in poor uptake of the contrast 
medium or alteration of the temporal uptake patterns (Robson 2010). More 
pronounced compression to the breast also means patient discomfort as the total 
acquisition time is over several minutes.
The following Table 2.1 summarizes the dual energy technique advantages 
and disadvantages in comparison with temporal subtraction technique, and Table 2.2 
summarizes the temporal subtraction technique advantages and disadvantages in 
comparison with dual energy technique.
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Technique Advantages Disadvantages
Dual energy 
technique
No registration of pre- and post- 
contrast images is necessary so 
this technique allows multiple 
views of the same breast (cranio- 
caudal and medio-lateral oblique 
projections) or bilateral (both 
breasts) examination to be 
obtained with a single contrast 
medium injection (Dromain et al. 
2009). Multiple views allows 
localization of any enhancing 
lesion (Lewin et al. 2003).
Less sensitive to patient motions 
during the image sequence 
acquisition because the time 
taken between the low and high- 
energy exposures is very short 
and with only a pair of images is 
required for this technique 
(Dromain et al. 2009).
Sequence from that, the breast 
compression duration is also 
reduced; therefore this technique 
is better tolerated by the patient 
(Dromain et al. 2009).
No information on the tumour 
kinetic enhancement because 
only a pair of low and high- 
energy images is acquired after 
contrast medium injection 
(Dromain et al. 2009).
As a low-energy view is required 
for this technique, the radiation 
dose delivered to a patient is 
higher than that with temporal 
subtraction technique (Dromain 
et al. 2009).
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No pre-contrast image is needed
so the compression is applied
after injection of contrast agent.
Less motion artefact as greater
compression can be applied to
the breast without interfering with
Table 2-1: Dual ene
contrast agent uptake.
rov technioue advantaaes and disadvant anpc in nnmnaricnn x*/itK tomn/"iroI
subtraction technique.
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Technique Advantages Disadvantages
Temporal
subtraction
technique
(single energy)
Several post-injection images 
offer the possibility to investigate 
the enhancement and washout 
patterns of the contrast material 
into and out of the lesion 
(Dromain et al. 2009).
The tumour kinetic enhancement 
curve is similar to the 
enhancement curves obtained in 
contrast-enhanced MRI with 
gadolinium-based contrast agent 
Gd-DTRA, which is currently 
considered to be the most 
sensitive imaging technique to 
explore probability of malignancy 
(Dromain et al. 2009).
Sensitive to patient motions 
during the pre and post-contrast 
images acquisition.
The pre and post-contrast 
images must be registered 
(matched) with a high accuracy 
to avoid motion artefacts in the 
subtracted images, which 
requires patient to remain 
motionless during the 
examination and this is 
impossible with the light 
compression (Dromain et al.
2009)
Alternatively, greater 
compression could be applied 
by releasing the compression 
following pre-contrast image to 
allow for injection of contrast 
agent and proper uptake in the 
blood vessels, however, this will 
only lead to even greater 
misregistration artefact (Robson
2010).
Table 2-2: Temporal subtraction technique advantages and disadvantages in comparison with dual 
energy technique.
Both of these techniques as the advanced applications of digital mammography offer
far greater contrast resolution than conventional mammography with the use of
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intravenous contrast medium to enhance cancers that would be otherwise 
mammographically occult (Lewin 2001). Comparison between the contrast-to-noise 
ratio for the 80 x 80 pixel array CdTe (Acrorad) detector (for both the log-subtraction 
and dual-energy algorithm) and a full-field mammographie unit (Hologic Selenia 
Dimensions) with an amorphous selenium flat panel detector as in Chapter 4, this 
study suggested that the dual energy technique for CEDM produces greater CNR 
than conventional mammography with ~5 to 8-fold (log-subtraction algorithm) and ~8 
to 10-fold (dual-energy algorithm) better CNR than conventional technique for 100 
mg iodine/ml and 150 mg iodine/ml concentrations, respectively. The detail results is 
as in Table 4.1.
2.4.2 X-ray spectral optimization
The most commonly used intravenous contrast agents in X-ray imaging 
contain iodine to attenuate the X-ray beam (Diekmann, Bick 2007). X-ray attenuation 
sharply increases just above the iodine K-edge (33.2 keV) due to increased 
probability of photoelectric absorption when the photon energy just exceeds the 
binding energy of the K shell electron of the iodine atom. Thus, the structures taking 
up iodine-based contrast agent (that is, the blood vessels) are much more 
attenuating to X-rays just above the K-edge of Iodine at 33.2 keV, compared with all 
other structures in the breast (Diekmann, Bick 2007). However, the average energy 
of the X-ray beam used in conventional mammography is much lower (17-23 keV) 
and is not optimal for the visualization of iodine-based contrast agents (Diekmann, 
Bick 2007). Therefore, characteristic lines of mammographie X-ray spectra from 
Molybdenum or Rhodium anodes (produced with X-ray beam in the energy range of 
17-23 keV; that are far below the K-edge of iodine) although provide high radiological 
contrast for soft tissues are not useful for the present dual energy iodine imaging 
(Saito 2007).
To make dual energy imaging possible with a standard mammography unit, 
an adaptation of the digital mammography system by shaping the X-ray energy 
spectrum so that maximum proportion of X-rays from the beam have energies
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around the K-edge of iodine (33.2 keV) is required (Saito 2007). This can be 
achieved by using X-ray tube voltage (kVp) greater than those used in standard 
mammography, together with a significant additional (external) filtration (Robson
2010).
Theoretically, the maximum possible iodine signal is obtained when the low 
and high-energy (monochromatic) beams are immediately adjacent to the iodine K- 
edge as maximum slope is achieved (Arvanitis, Royle & Speller 2007). Maximum 
slope means a narrow energy spectrum with the peak centred at the K-edge of 
iodine. Accordingly, the maximum differential attenuation between iodinated regions 
and non-iodinated ones is when the pair of low and high-energy images is obtained 
at energies just below and just above the K-edge of iodine (33.2 keV), for the case of 
monochromatic beams.
Therefore, in this study, the preferable spectrum is a narrow energy spectrum 
(collimated) with a peak centred at the K-edge of the contrast agent (33.2 keV for 
iodine). It is important to use the highest possible proportion of X-rays to maximize 
the sensitivity of the technique to low iodine concentrations.
W.anode
E (keV)
Figure 2-6: X-ray spectra from a tungsten anode a 2 mm thick Al filter simulated for several tube 
voltages (Saito 2007).
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Simulated X-ray spectra using the spectrum processor of IPEM Report 78 
(Cranley et al. 1997) based on the work by Birch and Marshall (Birch, Marshall 1979) 
(Birch, Marshall 1979) were used as the basis for the experimental setup in this 
study (Saito 2007). Figure 2.6 shows the X-ray spectra obtained for the X-ray beam 
produced with a tungsten anode and a 2 mm thick Aluminium filtration at several 
tube voltages ranging from 40-60 kVp (Saito 2007). In his work, Saito (2007) 
mentioned that tungsten is preferable to Molybdenum or Rhodium as the anode 
material due to its characteristics of continuous extent of higher photon-yielding 
efficiency and a higher heat-loading capacity (Saito 2007). However, in this study, 
only a tungsten-anode is used for X-ray spectral optimization, by exploiting the 
spectral shape using different thickness of Al filtration.
Other X-ray spectra have been used for dual energy imaging. Various 
evaluations of CEDM have used alternative or additional materials, such as copper 
and/or aluminium as X-ray tube filters (Palma et al. 2010).
For the temporal subtraction technique, Skarpathiotakis et al. (2002) reported 
using a high voltage of 45 kVp and using a 0.3 mm of copper filtration chosen 
specifically for CEDM to replace the usual molybdenum and rhodium filters used for 
standard mammography to shape the X-ray energy spectrum for both molybdenum 
and rhodium targets of a clinical digital mammography unit.
Rosado-Mendez et al. (2008) (Rosado-Mendez, Palma & Brandan 2008) in 
search for the optimum low and high energy spectral combination for CEDM in a 
clinical mammography unit, used Boone’s et al.’s parametrization (Boone, Fewell & 
Jennings 1997) to generate X-ray spectra for different combinations of radiological 
parameters; X-ray tube anode/filter combination, voltage and loading (mAs) using 
available spectra in existing digital mammographie systems. Harder mammographie 
spectra are obtained by adding external filtration (0.5 cm Al) to conventional beams 
(Rosado-Mendez, Palma & Brandan 2008), (Palma et al. 2010).
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2.5 Contrast agent
Contrast agents are used in X-ray imaging to improve the contrast between 
structures of similar density and atomic number (Fredenberg et al. 2010). This is 
particularly important for breast imaging as the breast is exclusively soft tissue and 
radiographic properties (attenuation) of normal tissues, abnormal tissues and blood 
vessels are very similar (Robson 2010). Contrast agents are injected intravenously 
to increase the attenuation of X-rays of the blood vessels, resulting in increased 
radiographic contrast relative to surrounding soft tissues. Iodine and barium are the 
most common types of contrast agents for enhancing X-ray-based imaging methods. 
Various groups of iodinated contrast agent exist, with variations occurring between 
the osmolarity, viscosity and absolute iodine content of different agent.
Contrast-enhanced X-ray imaging utilizes the basic biological principle that 
aggressive tumours are associated with increased vascularity (Smith, Hall & 
Marcello 2004). Angiogenesis that often accompanied tumour growth proliferates in 
a disorganized manner and the blood vessels are of poor quality, making them leaky 
and causing blood to pool around the tumour (Skarpathiotakis et al. 2002). This 
leads to an increased permeability and retention of the contrast agent around the 
lesion (Weidner et al. 1991), (Fredenberg et al. 2010). Because the contrast agents 
are highly attenuating to X-rays, X-ray imaging shows increased contrast in areas 
where they concentrate suggesting that the detection of early stage malignancies is 
possible by detecting signs of angiogenesis (Smith, Hall & Marcello 2004).
2.5.1 Advantages and disadvantages of different contrast agents
Iodine is the element most commonly used to increase X-ray attenuation in 
many forms of intravenous contrast agents (Ruth, Joseph 1995). Iodine-based 
contrast agents are considered as gold standard for X-ray imaging (Watkin, 
McDonald 2002). For magnetic resonance imaging (MRI), contrast agents based on 
the lanthanide element Gadolinium has been developed, chosen strictly for its 
nuclear magnetic resonance (NMR) relaxation rate induced by its high magnetic
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moment, specifically for MR imaging (paramagnetic properties) (Ruth, Joseph 1995). 
However, due to Gadolinium’s capability to yield higher radiographic contrast due to 
its higher atomic number relative to iodine, Gadolinium-based contrast agents have 
been used to replace iodinated contrast agents for certain applications in 
conventional angiography and CT imaging (Watkin, McDonald 2002).
Theoretical investigations (Ruth, Joseph 1995) have suggested that based on 
its photon attenuation properties, Gadolinium-based contrast agents offers 
advantages over conventional iodinated contrast agents. Due to its higher atomic 
number (Z=64), Gadolinium has higher attenuation coefficient and Gadolinium’s 
higher K-edge (50.2 keV) makes it better matched to the photon energy spectrum 
produced during CT scanning than iodinated contrast agents (Z=53, K-edge=33.2 
keV), where the peak in intensity of the photon energy spectrum during CT scanning 
occurs at ~50 keV (Watkin, McDonald 2002). With higher atomic number, 
Gadolinium has higher probability of photoelectric absorption, therefore, higher 
absorption coefficient. Subsequently, gadolinium will absorb a greater fraction of the 
energy spectrum and, on an equimolar basis, produces stronger X-rays attenuation 
and greater radiographic contrast in vivo than iodine (Watkin, McDonald
2002). Equimolar means having equal number of particles (molecules, ions) in a 
solution. In the case for CT, a lower K-edge energy also means that more low- 
energy photons from an X-ray beam are absorbed with iodine than with gadolinium 
that can lead to more beam hardening artefact with iodine (Ruth, Joseph 1995). The 
higher K-edge of Gadolinium means less low-energy photons filtration from the X-ray 
beam, therefore less beam hardening artefacts than does the K-edge of iodine 
(Watkin, McDonald 2002).
Hainfeld et al 2006 demonstrated that Gold nanoparticles can be used as X- 
ray contrast agents with properties that also overcome some significant limitations of 
iodine-based contrast agents such as low contrast and short imaging time. Gold has 
higher atomic number (Z=79, K-edge=80.7 keV), than iodine (Z=53, K-edge= 33.2 
keV), therefore, higher absorption coefficient, provides greater radiographic contrast 
than iodine. With higher absorption coefficient, there will be less bone and tissue 
inteference, enabling greater contrast to be achieved with lower X-ray dose (Hainfeld
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et al. 2006). Hainfeld at al 2006 suggested that gold produces greater contrast than 
Iodine with -3-fold better contrast at -100 keV, a useful range for clinical CTs and 
fluoroscopy. Hainfeld at al 2006 also suggested that photon absorption is also higher 
within the mammographie range (energies <30 keV), again providing Gold with an 
-3-fold absorption advantage in contrast to iodine. Moreover, with higher molecular 
weight, gold nanoparticles permits much longer blood retention, and with slower 
renal clearance and slower vascular permeation, nanoparticles agents permit longer 
imaging times than currently possible using standard iodine-based contrast agents 
(Hainfeld et al. 2006). The molecular weight of gold nanoparticles contrast agent 
(Aurovist™) is -  50,000 g/mol, while iodinated contrast agents have a molecular 
weight in the range of 600-1650 g/mol (Hainfeld et al. 2006).
However, the option of contrast agent is based on safety and the level of 
differential x-ray attenuation that can be achieved between areas of increased 
uptake and the surrounding background (Skarpathiotakis et al. 2002). Today, 
iodinated contrast agents are almost exclusively used in X-ray imaging, with the 
exception being barium which has close atomic number to iodine (Cardinal et al. 
1993). Although iodinated contrast agents are not ideal on the basis of their photon 
attenuation properties compared to other compounds with higher atomic number, but 
they are preferable on the basis of their low toxicity (Cardinal et al. 1993). For 
gadolinium-based contrast agents, as gadolinium is toxic by itself, gadolinium is 
always used bound to chelating agent, such as diethylenetriamine pentaacetic acid 
(DTPA) (Ruth, Joseph 1995). The gadolinium chelated compounds are considered 
safer for clinical application than many iodinated compounds (Ruth, Joseph 1995). 
However, in this study iodinated contrast agent is used because of the reason of 
safety (low toxicity) and iodinated media are much less expensive than gadolinium- 
based media in equal-attenuating dose (Nyman et al. 2002).
The extremely small attenuation differences between normal and cancerous 
tissues in the breast and the presence of microcalcifications require the use of low X- 
ray energy to provide the best differential attenuation between the tissues, and to 
provide high spatial resolution to depict microcalcifications. The low energy range 
(17-23 keV) of the X-ray beam used in conventional mammography is chosen
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specifically to maximise the soft tissue contrast, and to provide the spatial resolution 
necessary. Subject contrast and spatial resolution are reduced at higher energies 
(e-9-> greater than 30 keV (Bushberg et al. 2012)), thus, microcalcifications and 
some low contrast objects are sometimes not visible any more in high energy images 
(Diekmann, Bick 2007).
In contrast, the present contrast-enhanced mammography (CEDM) technique 
requires higher energy for the optimal visualization of iodine-based contrast agents. 
Here, alas, the higher CNR of iodine in CEDM images is achieved at the cost of the 
visualization of microcalcifications and high contrast characterization of cancer on 
unenhanced image as obtained with the conventional mammography (Diekmann, 
Bick 2007). To overcome the limitation, some experiments suggest it is possible in 
principle to perform CEDM in the low-energy range typically employed in 
conventional mammography by using new contrast media, such as agents based on 
bismuth (Z=83, K-edge=90.5 keV) for temporal subtraction and zirconium (Z=40, K- 
edge=18.O keV) for dual energy technique (Diekmann, Bick 2007), (Lawaczeck et al.
2003), (Diekmann et al. 2007). Similar to gadolinium, bismuth is toxic by itself and 
require stable bounding of this element into a non-toxic carrier molecule (Diekmann 
et al. 2007). However, developing a new contrast agent exclusively for 
mammography is costly and will only interest the manufacturers if there is an existing 
market for mammographie contrast agents (Diekmann, Bick 2007).
2.5.2 Typical concentrations of contrast agents
The concentration of contrast agent is usually expressed as solute 
concentration (mg/ml).
The iodine concentration is measured by the number of iodine molecules in 
milligrams present in a milliliter of a solution (mg/ml). The iodine concentration of a 
contrast agent determines how radiopaque that contrast agent is (Reddinger Jr. 
1996). The higher the iodine concentration, the higher the probability that more X-ray
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photons will be attenuated, therefore, more radiopaque the contrast agent is 
(Reddinger Jr. 1996).
The minimum iodine concentration to cause a visible contrast effect depends 
on many factors such as the type of examination, patient size and other factors 
(Schild, H. H. a). Generally, radiological visibility of a small diameter vessel requires 
a relatively higher contrast media concentration, than a larger vessel (Schild, H. H. 
a).
The iodine concentration affects the severity of an adverse reaction 
(Reddinger Jr. 1996). The higher the iodine concentration, the more pronounced the 
risk of an adverse reaction (Reddinger Jr. 1996).
A wide range of iodine concentration has been used in various studies. Many 
studies have described comparisons of contrast media with different iodine 
concentrations in the enhancement of details, mostly focusing on the feasibility of the 
dual energy technique. Some of the studies are summarized below to show the 
typical range of concentrations used.
Fredenberg et al. (2010) used a concentration of 6 mg iodine/ml (Optiray 300, 
Covidien, Mansfield, MA) (loversol) to investigate a photon-counting spectral imaging 
system with two energy bins for dual energy CEDM (Fredenberg et al. 2010). Images 
of breast phantom consisted of 5 mm diameter containers, 1-9 mm deep, filled with 
water-diluted iodinated contrast agent were acquired using slightly higher 
concentration of 6 mg iodine/ml than suggested by previous studies for more reliable 
contrast measurement (Fredenberg et al. 2010). Iodine concentrations of 3-4 mg/ml 
have been found reasonable for tumour uptake (Fredenberg et al. 2010). Previous 
studies have suggested that iodine concentrations down to 3 mg/ml are feasible for 
duel energy technique (Fredenberg et al. 2010), (Bornefalk et al. 2006)
Bornefalk et al. (2006) investigated the feasibility of a single-shot dual energy 
CEDM technique with electronic spectrum splitting. X-ray images of a breast 
phantom consisted of PMMA cylinders containing diluted iodinated contrast agent 
(Omnipaque 300 mg lodine/ml, Amersham Health, Princeton, NJ) (lohexol) were
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acquired, with the concentration in the cylinders range from 0.62 to 1.55 mg 
iodine/cm2 (Bornefalk et al. 2006).
Sarnelli et al. (2004) proposed a compact dichromatic imaging system for dual 
energy CEDM technique based on a conventional X-ray tube and a monochromator 
system. Two similar step wedge phantoms containing identical cylindrical cavities, 2 
mm and 1 mm in diameter respectively, filled with Iodine contrast agent (Ultravist, 
370 mg iodine/ml) (lopromide), with concentrations ranging from 11.6 to 370 mg 
iodine/ml were used in the experiment (Sarnelli et al. 2004). Two images at 31.2 keV 
and 35.6 keV (low and high energy) were recorded for each phantom (Sarnelli et al.
2004).
Sarnelli et al. (2007) quantitatively compared the effect of energy separation 
in dual energy CEDM technique using monochromatic X-ray beams (energy 
spread/bandwidth <0.1 keV) at the ID17 biomedical beamline of the European 
Synchrotron Radiation Facility (ESRF). Image acquisition of a step wedge phantom 
consisting of 2 mm diameter (mimicking large vessels) identical cylindrical cavities 
filled with iodine contrast agent (Ultravist, 370 mg lodine/ml) (lopromide), with 
concentrations ranging from 7.4 to 185 mg iodine/ml has been performed using two 
energy separations, 0.65 keV (32.85 keV and 33.5 keV, respectively) and 4.4 keV 
(31.2 keV and 35.6 keV, respectively) for low and high energy. Comparison in SNR 
values is made with previous study (Sarnelli et al. 2004) for energy separation 4.4 
keV obtained with quasi monochromatic beam from conventional X-ray source 
(Sarnelli et al. 2007).
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Study Contrast agent Concentration used
(Fredenberg et al. 2010) Optiray, 300 mg 
iodine/ml (loversol)
6 mg iodine/ml
(Bornefalk et al. 2006) Omnipaque, 300 mg 
iodine/ml (lohexol)
range from 0.62 to 1.55 
mg iodine/cm2
(Sarnelli et al. 2004) Ultravist, 370 mg 
iodine/ml (lopromide)
range from 11.6 to 370 
mg iodine/ml
(Sarnelli et al. 2007) Ultravist, 370 mg 
iodine/ml (lopromide)
range from 7.4 to 185 
mg iodine/ml
Table 2-3: Comparison between the typical concentrations of the contrast agents used.
The dilution of standard iodinated contrast material (Niopam 150) in this study 
is not as accurate as can be prepared by the manufacturer. Although care was taken 
to ensure that the mixture contains the right proportion of water to contrast agent 
theoretically, however measurement errors either random or systematic might exist, 
depending on how the measurement was obtained. In this study, the water and 
contrast agent amount was measured with a syringe and mixed in a glass beaker for 
dilution that might contribute to the concentration error. Also, chemical reaction in 
terms of influence to the molecular structure when the contrast agent is added with 
water might contribute to the error by giving lower iodine molecules in solution than 
expected, resulting in some of the linear fits for the measured data to have a non­
zero intercept. In this study, the concentration error appear systematically in several 
data sets with random error appear in some of the measured data. This uncertainty 
in the concentration could limit the CNR values obtained.
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2.5.3 Possible adverse reactions of contrast agents
The adverse reactions associated with contrast media can be classified into 
two groups: reactions that are clearly dependent on the dose and concentration of 
the contrast medium injected and adverse reactions that are almost independent of 
the dose and concentration (Schild, H. H. b).
2.5.3.1 Dose and concentration dependence
Dose and concentration-dependent adverse reactions are mostly related to 
the physiochemotoxic effects of the contrast media (Schild, H. H. b). Chemotoxic 
effects are the toxic effects of contrast media caused by the chemical composition or 
structure of the contrast media itself, and these include the toxic effects caused by 
the properties of contrast media such as electrical charge, osmolality, protein binding 
and hydrophilicity/lipophilicity (Schild, H. H. b). Osmolality is the number of particles 
(molecules, ions) per kg of solution. Possible adverse reactions may include heat, 
pain, vasodilation, cardiac depression and hypotension (Schild, H. H. b).
Contrast media molecules in solution have electrical charges cause by salt-
forming acid groups (-COONa or -COOMegl). To produce highly concentrated
contrast media solutions, the hydrogen (H+) in the acid group (-COOH) is replaced
by a sodium (Na+) or a meglumine (Megf) to produce contrast media salts. Salts
have a high solubility in water but salts also have a tendency to dissociate when in
solution. And as the contrast media salts dissociate, each single contrast media
molecule results in 2 particles in the solution, a positively charged cation; Na+ or
Megf, and a negatively charged anion; the “left-over” acid group, along with the
attached benzene ring, its iodine and other substituents (the anion is the one
responsible for the contrast) (Schild, H. H. a). This type of contrast media is called
ionic contrast media. Many side effects of ionic contrast media are mainly associated
to two factors; the electrical charge of those particles and high osmolality of contrast
media (Schild, H. H. a). The first factor is based on intravenous injection of a
substance which has an electrical charge, may influence other normal electrical
processes in the body (Schild, H. H. a). And the second factor is based on the higher
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the number of particles in a given volume, the more pronounced the side effects will 
be (Schild, H. H. a). If there are many particles, contrast media are said to have high 
osmolality, therefore, the higher the osmolality (number of particles (molecules, ions) 
per kg of solution), the more pronounced the side effects will be (Schild, H. H. a).
With much improvement made to the contrast media to overcome side effects 
from the electrical charges, non-ionic contrast media are much better tolerated by 
patients nowadays by having much fewer side effects than ionic contrast media 
(Schild, H. H. a). Non-ionic contrast media are type of contrast media in which the 
salt-forming acid group (as in ionics) has been replaced with a compound that no 
longer dissociates into ions but the compound is still soluble enough to be dissolved 
in water in the high concentrations required, to provide enough contrast when 
injected (Schild ). However, even without electrical charges, non-ionic contrast media 
still have some side effects due to high osmolality (Schild, H. H. a). Contrast media 
osmolality can be reduced by coupling two benzene rings, making a dimeric contrast 
media; either ionic or non-ionic dimer (Schild, H. H. a).
Osmolality of blood, or fluid inside cells is about 300 (ranging from 270-320) 
mOsm/kg (Schild, H. H. a). Table 2-4 (Speck, 1993) shows osmolality of various 
contrast media with a concentration of 300 mg iodine/ml (mean values at 37°). The 
iodine-based contrast agent (Niopam 150, Bracco) used in this study has 30.62 % 
w/v (weight/volume) lopamidol equivalent to 150 mg iodine/ml (each ml contains
306.2 mg lopamidol). The osmolality of a contrast media depends on its 
concentration (number of contrast material atom in the solution), and on the type of 
contrast media (ionic monomers, ionic dimers, non-ionic monomers, non-ionic 
dimers) (Schild, H. H. a). Basically, the higher its iodine content (if iodine is the 
contrast material), the higher its osmolality for the same type of contrast media 
(Schild, H. H. a).
The best tolerated contrast media are the one that have closer osmolality to 
body fluids (Schild, H. H. a).
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Compound Osmolality
(mOsm/kg H20) for 300 mg lodine/ml, 
37 °C (mean ±standard deviation, as 
far as data are available)
Blood about 290
Ionic monomer .
Diatrizoate, sodium salt 1530
Ionic dimer
Sodium-Meglumine lôxaglate 577 ±13
Non-ionic monomers
lopromide
lopamidol
lohexol
loversol
lopentol
586 ± 5  (607 ±  9) 
653 ± 7  (644 +  31) 
667 ± 8  (685 ±10) 
661 ±3  
683 ± 4
Non-ionic dimer
lotrolan 290 ± 4
(Speck, 1993)
Table 2-4: Osmolality of various contrast media with a concentration of 300 mg iodine/ml (mean 
values at 37°) (Schild, H. H. a).
Besides electrical charge and osmolality, there are other important factors, 
which cause and influence side effects; protein binding and hydrophilicity/lipophilicity. 
Protein binding refers to the percentage of contrast medium which becomes bound 
to the plasma proteins in the blood stream (Schild, H. H. b). The hydrophilicity of a 
contrast medium is its preference for water, whereas its lipophilicity refers to its 
preference for fat (lipid) (Schild, H. H. b).
If the protein binding increases, the incidence of side effects also increases 
(Schild, H. H. a). Many enzymes are proteins, and by means of binding to proteins, 
contrast media can inhibit enzymes functions in the body (Schild, H. H. a). Proteins 
are also involved in the clotting mechanism, and by means of binding to proteins, 
contrast media may inhibit the formation of blood clots (Schild, H. H. a).
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The more lipophilic, the more frequent and pronounced the side effects will 
be, in contrast to, increases in contrast media tolerance with increasing 
hydrophylicity (Schild, H. H. a). Hydrophilic means very soluble in water. Cell 
membranes consist of protein and lipid layers and since lipids are part of the cell 
wall, lipophilic substances can stick to the cell membranes, enter them, and cross 
them (Schild, H. H. a). The higher the lipophilicity, the easier the substance passes 
through the cell wall and into the cell (Schild, H. H. a). Once a substance gets into 
the cell wall or inside the cell, it can cause many disturbances and problems (Schild,
H. H. a).
This is impossible for a hydrophilic substance, which would be kept outside 
the cells by the lipid layers (Schild, H. H. a). Therefore, side effects are more 
frequent and pronounced with an increase in lipophilicity.
Hydrophilicity can be increased by adding hydroxyl-groups (OH-groups) to a 
substance (Schild, H. H. a). The number of hydroxyl-groups determines 
hydrophilicity; the more OH-groups, the higher the hydrophilicity (Schild, H. H. a). 
Hydrophilicity can be improved not only by hydroxyl groups but even more so by 
adding amide groups (NHCO or CONH) (Schild, H. H. a). The hydroxyl-groups 
together with the amide groups are part of the side chains, which wrap the internal 
hydrophobic center (benzene ring, and iodine atoms) of the contrast media molecule 
(Schild, H. H. a).
In adults with normal kidney function, most radiologists will calculate the 
maximum contrast media amount as a function of patient weight: a dose of 2-3 ml/kg 
body weight for ionic contrast media and a dose of 5 ml/kg body weight for the non­
ionic is typically the maximum limit (Schild, H. H. a). This dose may be modified by 
two factors; patient age and kidney function (Schild, H. H. a). For adverse reactions 
reasons, the minimum dose necessary should be used.
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2 5.3.2 Dose and concentration independence
Adverse reactions that are almost independent of the dose and concentration 
include nausea and vomiting, and allergy-like or hypersensitive reactions such as 
hives, itching, certain cardiovascular reactions, bronchospasm and laryngospasm; 
but there is little evidence of any antigen-antibody interaction (Schild, H. H. b). 
Prevention of these type of reactions is difficult as the reactions cannot be predicted 
and their underlying cause remains unknown (Schild, H. H. b).
2.6 Compound semiconductor detectors: Cadmium Telluride (CdTe), 
Cadmium Zinc Telluride (Cdi.xZnxTe or CZT)
2.6.1 General properties of radiation detectors
2.6.1.1 Dead time
In nearly all detector systems, there will be a minimum amount of time that 
must separate two events in order that they be recorded as two separate pulse. The 
minimum time separation is called the dead time of the counting system. Since X-ray 
events occur randomly, there is always the possibility that a true event will be lost 
because it occurs too quickly after the previous event to be counted. These dead 
time losses can become significant (and detector performance becomes non-linear) 
when high counting rates are encountered. Knoll (2010) discusses two models of 
dead time behaviour that are in common usage: paralyzable and non-paralyzable 
response. These models represent idealized behaviour, one or the other of which 
often adequately resembles the response of a real counting system.
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Figure 2-7: Illustration of two assumed models of dead time behaviour for radiation detectors (Knoll 
2010).
Figure 2.7 illustrates the fundamental assumptions of the models (Knoll 2010). 
At the centre of the figure, a time scale is shown on which six randomly spaced 
events in the detector are indicated. A fixed time t  is assumed to follow each true 
event that occurs during the “live period” of the detector. In a paralyzable detector, 
true events that occur during the dead period are not recorded as counts, but have 
the effect of extending the dead time by another period t following the lost event. In 
the example shown, only three counts are recorded for the six true events. In 
contrast, in a non-paralyzable detector, true events that occur during the dead period 
are lost, and have no effect on the behaviour of the detector. In the example shown, 
the non-paralyzable detector would record four counts from the six true events.
The two models predict similar behaviour at low true count rate and begin to 
diverge only at high true count rate levels. The observed count rate is related to the 
true count rate by:
—m
m -  ne (Paralyzable model)...........................(2.9)
m
n ~ l - mT (Non-paralyzable model)................. (2.10)
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where n is the true event rate, m is the recorded count rate and r  is the 
system dead time.
1/r
1 / t "2 n
Figure 2-8: Variation of the observed rate mas a function of the true rate n for two models of dead 
time losses (Knoll 2010).
Figure 2.8 gives a plot of the observed rate m versus the true rate n for both 
models (Knoll 2010).
2.6.2 Properties of compound semiconductor detectors
To provide high detection efficiency, the ideal semiconductor detector would 
have a large active volume, high charge carrier mobilities, and a high atomic number 
if applied to X-ray and gamma-ray spectroscopy, and be operable at room 
temperature without any cooling apparatus for the convenience of operation. The 
large majority of semiconductor radiation detectors presently in use are 
manufactured from either a single chemical element Silicon (Si) or Germanium (Ge). 
Compound semiconductors have experienced slow development over the years. 
CdTe, and Cdi-xZnxTe (CZT) are the most widely explored compound
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semiconductors for radiation measurements and they represent the compound 
semiconductor detectors that are presently commercially available.
Compound semiconductor detector (CdTe, and CZT) have strong points to be 
considered as a prospective detector for X-rays and gamma-rays spectroscopy.
2.6.2.1 Higher X-ray and gamma-ray photoelectric absorption
Photoelectric absorption is the favoured X-ray and gamma-ray interaction 
within a spectrometer, so one would prefer that the detector be composed of 
elements with high atomic numbers. CdTe combines relatively high atomic numbers 
(Z=48 for Cd and Z=52 for Te) and blending ZnTe (Z=30 for Zn) into CdTe results in 
crystals with the formulation Cdi_xZnxTe (CZT), where the blending fraction x may 
vary from 0.04 to 0.20 (Knoll 2010). Blending ZnTe into CdTe results in crystals with 
some favourable properties as detectors, including a significantly higher resistivity 
(Knoll 2010).
The much higher effective atomic numbers of CdTe, and CZT translate into 
significantly higher X-ray and gamma-ray photoelectric absorption than Si (Z=14) 
and Ge (Z=32). The detection efficiency per unit thickness will therefore be higher, 
and the photofraction for an equivalent volume also will be larger. The probability of 
photoelectric absorption per unit pathlength is roughly a factor of 4 to 5 times higher 
in CdTe than in Ge, and 100 times larger than in Si for typical X-ray and gamma-ray 
energies (Knoll 2010). The X-ray and gamma-ray absorption efficiency of CZT is 
similar to that of CdTe.
2 6.2.2 Convenience of room temperature operation/good energy 
resolution
In principle, a semiconductor material with a wider bandgap (e.g., greater than
1.5 eV) could reduce the bulk-generated leakage current so that use at room 
temperature would be possible. CdTe, and CZT bandgap values (1.52 eV for CdTe,
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and from 1.53 eV to 1.64 eV for CZT) are sufficiently large to allow for room 
temperature operation for typical X-ray and gamma-ray applications (Knoll 2010). Ge 
detectors (bandgap value of 0.72 eV) must always be operated at low temperatures 
to reduce thermally generated leakage current (Knoll 2010).
In many applications, the convenience of room temperature operation would 
probably outweigh the disadvantages of a wider bandgap, such as the greater 
energy required to excite an electron-hole pair. Good energy resolution requires a 
relatively small bandgap, thereby reducing the average ionization energy required to 
excite an electron-hole pair. The small ionization energy increases the number of 
charge carriers excited per unit deposited energy, decreasing statistical fluctuations.
Efficient charge collection from the device requires large values of the carrier 
mobilities (p) and long charge carrier lifetime (t ) .  Both trapping and recombination 
contribute to the loss of charge carriers and tend to reduce their average lifetime in a 
crystal. For the material to serve as a good radiation detector, a large fraction 
(preferably 100%) of all the carriers created by the passage of the incident radiation 
should be collected. Detectors of practical size can be manufactured in which 
virtually all electron-hole pairs excited by the incident radiation are collected to make 
up the basic signal pulse.
Excellent charge carrier transport properties allow for the use of large crystals 
without excessive charge carrier losses from trapping and recombination. Large 
detector volumes are realized through the growth and production of high-purity or 
properly compensated semiconductor crystals. The intensive works for the 
development of high-purity CdTe and CZT detector have been carried out using a 
number of different fabrication techniques by leading manufacturer Acrorad and 
Redlen, respectively.
Usually for compound semiconductors, the mobility for holes is much lower 
than the mobility of electrons. Because of rather poor collection efficiency of holes, 
the energy resolution achievable in CdTe, and CZT detectors is generally not 
comparable with that obtainable in Si or Ge. As the result of the charge carrier 
transport difficulties, most CdTe, and CZT detectors are relatively small and are
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usually planar in design; as the HEXITEC detectors used in this study. The 
HEXITEC collaboration has developed a series of small pixel detectors which the 
HEXITEC detector exploits the small pixel effect to remove the contribution of the 
poor hole transport in CZT/CdTe (Veale et al. 2011).
Si (300 K) Ge (77 K) CdTe
(Schottky)
Cdi.xZnxTe
Density 2.33 5.33 5.85 -5.8
(g/cm3)
Atomic number 14 32 48/52 48/30/52
Energy
resolution
-no data 
available from 
these
literatures*-
<1 %@100 keV 
0.1 %@1 MeV
<5 %@60 keV 
< 4 %@122 keV
10 %@60 keV 
6 %@122 keV
Bandgap 
energy (eV)
1.12 0.72 1.44 -1.65
Ionization 
energy (eV per 
e-h pair)
3.61 2.98 4.43 -5.0
Table 2-5: Properties of semiconductor materials (Knoll 2010)* and comparison of semiconductor 
detectors (Acrorad, http://www.acrorad.co.iD/us/cdte.htmn*.
2.7 Source of Image Noise
Different types of noise that maybe present in the images in this study are 
structure noise, anatomical noise and quantum noise. Structured noise represents a 
reproducible pattern on the image that reflects differences in gain of individual 
detector elements or group of detector elements (Bushberg et al. 2012). Structured 
noise can be corrected using a flat field algorithm (Bushberg et al. 2012). Anatomical 
noise is the pattern on the image that is generated by patient anatomy that is always
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present but not important for the diagnosis (Bushberg et al. 2012). Dual-energy 
subtraction method is performed primarily to reduce anatomical noise (Bushberg et 
al. 2012). Quantum noise is an appreciable noise in the image results (Bushberg et 
al. 2012). To reduce radiation dose to the patient from X-rays or gamma-rays, 
imaging modalities based upon ionizing radiation use relatively few quanta to 
produce medical images therefore resulting in quantum noise (Bushberg et al. 2012). 
These noises could affected the image quality of the images obtained in this study by 
reducing the CNR values.
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Chapter 3
3. Preliminary Work on Small-Size Detectors
3.1 Introduction
Conventional K-edge subtraction imaging is based around the acquisition of 
two separate images at energies respectively below and above the K-edge of a 
contrast agent. The limitation of this approach lies in the need for a double exposure, 
causing increased patient dose with respect to a conventional procedure and 
potentially artifacts resulting from incorrect image registration due to patient motion.
In this work, an alternative approach is proposed based on the use of a 
spectroscopic detector and of a polychromatic beam from a conventional X-ray 
source. The spectroscopic capability of the detector allows the selection of arbitrary 
energy bands from the transmitted X-ray spectrum to be integrated to form images. 
In this way, the two images required for K-edge subtraction can be obtained with a 
single exposure (simultaneously) by the selection of two energy bands, below the K- 
edge and above the K-edge, respectively, thus removing the above limitations. The 
use of a laboratory source as opposed to synchrotron radiation in this work offers 
better accessibility for clinical applications.
In this chapter, the purpose of the study is to evaluate the feasibility of K-edge 
subtraction imaging by using this concept and choice of band width. The two images
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above and below the K-edge were initially combined, by logarithmic subtraction, 
leaving an image where the background is removed, highlighting the iodine 
distribution. Then, the results were assessed in terms of detail visibility, quantified 
using the contrast-to-noise ratio (CNR).
In the first part of this chapter, the work has been carried out with a single 
pixel spectroscopic CdTe detector (Amptek XR-100), with a conventional 
spectroscopic chain, for preliminary assessment of the technique. Then, in the 
second part, the work has been carried out with a pixellated (20 x 20 pixel array) 
spectroscopic CZT (Redlen) detector, and with a pixellated (20 x 20 pixel array) 
spectroscopic CdTe (Acrorad) detector, both with custom readout electronics.
3.2 Experimental setup
Simulated X-ray spectra using the spectrum processor of IPEM Report 78 
(Cranley et al. 1997) based on the work by Birch and Marshall (Birch, Marshall 1979) 
were used as the basis for experimental setup in this work (Saito 2007).
The beam was filtered with 2 mm Al in order to remove low-energy 
components of the beam not useful for image formation, and in order to shape the X- 
ray energy spectrum so that the maximum of the beam spectrum was around 30 
keV, very close to the iodine K-edge (33.2 keV). Two different sources have been 
used which are Hamamatsu Open Type Microfocus X-Ray Source L8321-01 and 
Hamamatsu 80 kV Microfocus X-ray Source L6731-01 SPL, but the same kVp and 
filtration.
A simulated spectrum for these settings (Cranley et al. 1997), with the iodine 
K-edge marked, is shown in Figure 3.1 below.
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Figure 3-1: Typical X-ray spectrum for the beam settings used -  simulated tungsten spectra with 50 
kVp transmitted by 2 mm aluminium filter (Cranley et al. 1997). The iodine K-edge (33.2 keV) is 
marked.
Page 52 of 183
Contrast Agent Mammography Using Spectroscopic Detectors
3.2.1 Single pixel spectroscopic CdTe detector
The experimental setup comprised of a W-anode X-ray source (Hamamatsu 
Open Type Microfocus X-Ray Source L8321-01), a single pixel spectroscopic 
(energy-resolving) Cadmium Telluride detector (Amptek XR-100), with a sensitive 
area of 3 x 3 mm2, a thickness of 1 mm and equipped with a conventional 
spectroscopic chain and a custom-built test object containing different concentrations 
of iodine-based contrast agent as described in subsection 3.3.
Test object Single pixel detector
X-ray source 
Single pixel detector
(a) (b)
Picture 3-1: Single pixel spectroscopic CdTe detector (Amptek XR-100): (a) experimental setup; (b) 
the custom-built test object containing iodine-based contrast agent was scanned in front of the 
detector.
The test object was placed at 35.5 cm from the X-ray source (source-to- 
surface distance, SSD), and the detector was placed at 45.5 cm from the source 
(source-to-image distance, SID). The X-ray source was operated at 50 kVp and 12 
pA; the beam was filtered with 2 mm Al. Low tube current was used to avoid the 
dead time effects that can become significant as the count rate increases. The beam 
was collimated with a brass collimator block, 3 cm in length with 1 mm diameter 
pinhole along the longitudinal axis to adjust its size and shape of the beam in order 
to achieve conditions of narrow-beam geometry.
Ilimator
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The test object was scanned in front of the detector in 0.5 mm steps using a 
remote-controlled linear stage (Micos VT-80 with SMC controller (a Corvus-eco 
controller); Micos Gmbh, Germany) for 60 seconds each step, and the single-point 
data acquired at different steps were combined off-line.
3.2.1.1 Detector characterisation
3.2.1.1.1 Energy calibration
60
E0 = 0.0111 keV/channel + 0.0572 keV,
30
£  20
single pixel CdTe (Amptek XR-100) 
1 channel=0.011 keV
0
0 1000 2000 3000 4000 5000
Channel number
Figure 3-2: Energy calibration for the single pixel spectroscopic CdTe detector (Amptek XR-100) (1 
channel=0.011±0.005 keV). The line shows linear fits to the data; standard deviations (of the values) 
are represented as error bars.
The energy calibration for single pixel spectroscopic CdTe detector was done
using a VEX source (Amersham). The detector was exposed to a VEX source (an
Am-241 source) for sufficient time to collect an energy spectrum on each pixel. The
VEX source is a variable-energy X-ray source where the primary source of the X-ray
source is americium-241, and six targets, terbium (Tb), barium (Ba), silver (Ag),
molybdenum (Mo), rubidium (Rb) and copper (Cu), are presented to the source to
produce an X-rays spectrum with a range of energy. In this work, calculation for
equivalent channel number with energy was obtained using X-ray fluorescence
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peaks for Tb, Ba, Ag and Mo. The uncertainty in channel numbers are calculated 
using the standard deviation. The results give 1 channel=0.011 ±0.005 keV for the 
single pixel Cadmium Telluride detector.
3.2.1.1.2 Energy resolution
180 -i
160 -
140 -
FWHM0 = 1.7802 channel/keV120 -
ç  1 0 0  -
60 -
20 - single pixel CdTe (Amptek XR-100)
0 10 20 30 40 50 60 70
Photon energy (keV)
Figure 3-3: Energy resolution for the single pixel spectroscopic CdTe detector (Amptek XR-100). The 
line shows linear fits to the data; standard deviations (of the values) are represented as error bars.
The energy resolution of a detector is defined as
F W H M
R (3.1)
where the full width at half maximum (FWHM) is defined as the width of the 
distribution at a level that is just half the maximum ordinate of the peak and H 0 is the 
location of the peak centroid (Knoll, 2010) (see Figure 3.4).
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Figure 3-4: Definition of detector resolution (Knoll, 2010).
At higher energies the relationship between efficiency and energy is 
dominated by the average path length in the active volume of the detector (Ortec). 
The efficiency decreases with increasing energy because the probability that the 
photon or gamma-ray will interact within the detector also decreases with energy 
(Ortec). It is expected the FHWM to increase linearly with energy for an ideal 
detector system. The electrode design and the detailed fabrication process are the 
factors contributing to the FWHM (Park et al. 2011).
Calculation for energy resolution was obtained using the same X-ray spectra 
used for energy calibration, with X-ray fluorescence peaks for Tb, Ba, Ag and Mo.
The result gives an average energy resolution=2.00±0.02% for single pixel 
Cadmium Telluride detector. The energy resolution for CdTe (Schottky) (Acrorad) is 
<5% at 60 keV and <4% at 122 keV as mentioned in Table 2-5.
3.2.2 Pixellated (20 x 20 pixel array) spectroscopic CZT and CdTe detectors
The experimental setup comprised of a W-anode X-ray source (Hamamatsu 
80 kV Microfocus X-ray Source L6731-01 SPL), a pixellated spectroscopic (energy- 
resolving) Cadmium Zinc Telluride detector and a pixellated spectroscopic (energy- 
resolving) Cadmium Telluride detector, and the above-described test object. The
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readout electronics for both pixellated detectors was the same and just the sensor 
module has been swapped.
Pixellated detector
Filter Test object Pixellated detector
(a) (b)
Picture 3-2: Pixellated spectroscopic CZT (Redlen) (and CdTe (Acrorad)) detector: (a) experimental 
setup; (b) the custom-built test object containing iodine-based contrast agent was scanned in front of 
the detector.
The test object was placed at 53.5 cm from the X-ray source (source-to- 
surface distance SSD), and the detector was placed at 68.5 cm from the source 
(source-to-image distance SID). The X-ray source was operated at 50 kVp and 10 
pA; the beam was filtered with 2 mm Al. For the imaging tasks in this work, based on 
the detector characterisation of the dose rate response that was done earlier, low 
tube current was used in order to avoid loss of linearity at high photon fluxes 
(saturation).
The detectors used were a 20 x 20 pixel array Cadmium Zinc Telluride 
(Redlen) and a 20 x 20 pixel array Cadmium Telluride (Acrorad) with 250 x 250 pm2 
each pixel, for a total active area of 0.5 x 0.5 cm2, 2 mm thick and equipped with 
custom readout electronics (a pixellated readout ASIC (application-specific 
integrated circuit) which is bump-bonded to the detector) (Jones et al. 2009), 
(Suhonen et al. 2008). The detectors were read out at a rate of 21000 frames per
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second, and each image is obtained by integrating a certain number of frames. The 
detectors were biased to -500 V  and held at 12° C using a 1100 V source meter; 
Keith ley model 2410, via the Keith ley 2410 Bias Time Controller software.
A dedicated data acquisition (DAO) system controls and collects the data from 
the 20 x 20 ASIC (Wilson et al. 2011). A base camera link interface is used to pass 
the data to a frame grabber in a PC where the data is saved directly to the hard disc 
(Wilson et al. 2011). The readout programme allows the raw data to be saved in the 
form of text files for quantitative analysis.
For the acquisition of object regions bigger than the detector area, the test 
object was scanned in front of the detectors using a remote-controlled linear stage 
(Micos VT-80 with SMC controller (a Corvus-eco controller); Micos Gmbh, Germany) 
(that can be moved in both lateral and vertical direction); and the images acquired at 
different steps were combined off-line.
The test object entrance surface dose (BSD) was measured using an ion 
chamber (Farmer Dosemeter 2670A). The average entrance surface dose for each 
acquisition is 50.0±0.1 pGy/min. For the imaging task on the effect of entrance 
surface dose, in order to avoid loss of linearity at high photon fluxes (saturation), that 
would have affected image contrasts, different statistics were achieved by keeping 
the tube current constant and altering the integration time (Rani et al. 2011).
Page 58 of 183
Contrast Agent Mammography Using Spectroscopic Detectors
3.2.2.1 Detector characterisation
3.2.2.1.1 Dose rate response
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Figure 3-5: Dose rate response for the 20 x 20 pixel array CZT (Redlen) detector and the 20 x 20 
pixel array CdTe (Acrorad) detector. Comparison between: (a) 30 kVp; (b) 40 kVp; (c) 50 kVp; (d) 60 
kVp; (e) 70 kVp; (f) 80 kVp; standard deviations (of the values) are represented as error bars.
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The dose rate response for both pixellated detectors was measured to check 
for saturation in the response. Figure 3.5 shows that the intensity became saturated 
as the tube current (pA) and entrance dose rate (pGy/min) to the detector increases 
and the saturation became predominant as the tube voltage (kVp) is increased (high 
energy) because of higher flux. Figure 3.5 shows the response change at different 
tube current and detector dose rate depending on the energy (tube voltage). The 
saturation is more significant for the Cadmium Telluride detector. A critical issue of 
CdTe detectors is their time instability under bias, i.e. the polarization effect (Del 
Sordo et al. 2009). This effect is mainly due to the trapping and the de-trapping of 
the carriers that affect the space-charge distribution and the electric field profile in 
the detectors (Del Sordo et al. 2009). Polarization leads to a time-dependent 
decrease in counting rate and charge collection efficiency (Del Sordo et al. 2009); 
this might be the reason for significant saturation for the CdTe detector in this case.
From the curve shape of the dose rate response above, it can be concluded 
that the CZT detector has a non-paralyzable response, while the CdTe detector has 
a paralyzable response. However, both responses are almost linear at low count rate 
for both detectors, and begin to diverge only at high count rate levels. Therefore, in 
order to avoid saturation, the current for 50 kVp measurements was kept constant at 
10 pA (low tube current), and different doses were achieved by integrating different 
numbers of frames. Since most types of image noise have a random distribution with 
respect to time, the integration of images can be quite effective in smoothing an 
image and reducing its noise content (Sprawls).
For this task, by using a tube voltage; 50 kVp and increasing the tube current 
from 10 pA to 100 pA, the number of counts was measured (calculated) using 
Hexitec software and IDL. Then the steps were repeated using different tube 
voltages; kVps for the same tube currents used. The task is to determine the pattern 
of response as the tube current is increases at a single tube voltage and to 
determine the pattern of response for higher different kVps at the same tube currents 
used previously. As the purpose of the task at that time is to determine the changes 
based on tube current and tube voltage, the entrance surface dose was not 
measured (using ion chamber) at each of the tube current.
Page 60 of 183
Contrast Agent Mammography Using Spectroscopic Detectors
However, the entrance surface dose for a tube voltage; 50 kVp at a single 
tube current; 10 pA was measured. On the fact that in order to avoid loss of linearity 
at high photon fluxes (saturation), that would have affected image contrasts, different 
statistics were achieved by keeping the tube current constant and altering the 
integration time, therefore an estimation of entrance surface dose was made based 
on the number of frames obtained for increased tube currents as shown in Figure 3.5
(c).
3.2.2.1.2 Energy calibration
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Figure 3-6: Energy calibration for the: (a) pixellated spectroscopic CZT detector (Redlen) (1 
channel=0.14±0.01 keV); (b) pixellated spectroscopic CdTe detector (Acrorad) (1 channel=0.27±0.01 
keV). The lines show linear fits to the data; standard deviations (of the values) are represented as 
error bars.
Energy calibration for the pixellated spectroscopic CdTe and CZT detectors 
was done using a VEX source. The detectors were exposed to a VEX source (an 
Am-241 source) for sufficient time to collect an energy spectrum on each pixel.
Calculation for equivalent channel number with energy was obtained using X-
ray fluorescence peaks for Tb, Ba, Ag and Mo. The uncertainty in channel numbers
are calculated using the standard deviation. The results give 1 channel=0.14±0.01
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keV for pixellated Cadmium Zinc Telluride detector and 1 channel=0.27±0.01 keV for 
pixellated Cadmium Telluride detector. A different gain in CZT and CdTe is expected 
because of different charge collection properties of CZT and CdTe.
The spectra for pixellated Cadmium Telluride were very noisy due to bias 
instability and the peaks were not easily distinguishable. Figure 3.7 below shows 
examples of the spectra obtained with these detectors.
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Figure 3-7: Examples of the spectra obtained with the pixellated spectroscopic CZT detector (Redlen) 
using X-ray fluorescence peaks for: (a) Tb; (b) Ba; (c) Ag; (d) Mo, and examples of the spectra 
obtained with the pixellated spectroscopic CdTe detector (Acrorad) using X-ray fluorescence peaks 
for: (e) Tb; (f) Ba; (g) Ag; (h) Mo.
3.2.2.1.3 Energy resolution
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Figure 3-8: Energy resolution for the: (a) pixellated spectroscopic CZT detector (Redlen); (b) 
pixellated spectroscopic CdTe detector (Acrorad). The lines show linear fits to the data; standard 
deviations (of the values) are represented as error bars.
Calculation for energy resolution was obtained using the same X-ray spectra 
used for energy calibration, with X-ray fluorescence peaks for Tb, Ba, Ag and Mo.
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The result gives an average energy resolution=3.50±0.02% for pixellated 
Cadmium Zinc Telluride detector and 4.10±0.02% for pixellated Cadmium Telluride 
detector. The energy resolutions for both detectors were calculated using equation 
(3.1). From the result, pixellated Cadmium Zinc Telluride detector has a better 
energy resolution than pixellated Cadmium Telluride detector. The energy resolution 
for CdTe (Schottky) (Acrorad) is <5% at 60 keV and <4% at 122 keV and the energy 
resolution for Cdi_xZnxTe is 10% at 60 keV and 6% at 122 keV as mentioned in Table 
2-5.
3.3 Test object
The custom-built test object consisted of a 6 mm thick polymethyl 
methacrylate (PMMA) slab, with cylindrical tubes 3 mm, 2 mm, 1 mm and 0.5 mm in 
diameter, respectively. The cylindrical tubes were filled with iodine-based 
commercial contrast agent (Niopam 150, Bracco) undiluted, giving effective 
concentration of 150 mg iodine/ml or diluted with distilled water, to give 
concentrations of 100 mg iodine/ml, 75 mg iodine/ml and 50 mg iodine/ml, 
respectively. The contrast agent was assumed to be composed solely by iodine and 
water. The axes of the cylindrical tubes were kept orthogonal to the beam direction. 
The test object was used alone to do the preliminary investigations, even if it doesn’t 
have a non-uniform background.
Picture 3-3: The custom-built test object consisting of a PMMA slab, 6 mm in thickness, with 
cylindrical tubes 3 mm, 2 mm, 1 mm and 0.5 mm in diameter, respectively.
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3.4 Image reconstruction and quantitative analysis
3.4.1 Image reconstruction
3.4.1.1 Logarithmic subtraction algorithm
Various subtraction algorithms have been developed to retrieve the contrast 
agent content in an inhomogenous background by dual energy subtraction 
techniques (Sarnelli et al. 2006). The signal intensities transmitted behind a detail of 
thickness t and a background of thickness L - t  for the energy windows below and 
above the K-edge, respectively can be written as
i lr = i ' o e
low
(3.2)
jh ig h  _  jh ig h g -M b t
(3.3)
where I ^ w and are the average entrance (incident) photon intensity0 A0 
below and above the K-edge, respectively;
and are the average attenuation coefficients of the background below
and above the K-edge, respectively;
pi^w and are the average attenuation coefficients of the detail below and
above the K-edge, respectively.
Thus, the log-subtracted signal at the same point will be
S — In
z  \ lo w
V
\ * d  J
-  In
f  \h ig h  
0
v « y (3.4)
(3.4a)
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s = o C  -  - < ) + e r f "  -  / f "  ) w (3.4b)
In this study, I ^  is used instead of I q . I q was not measured because it is
not possible to remove the test object for I q measurement and later to keep the 
experiment setup the same as before.
Taking into account that the attenuation coefficients of soft tissue change very 
little in a narrow energy range, for a sufficiently small energy separation (gap) (low 
and high-energy are very close to each other, see Figure 3.9), the attenuation 
coefficient of the background can be assumed to be nearly constant below and 
above the K-edge (this doesn’t apply to wider energy windows, for which this
assumption doesn’t hold), the term ( p ^  -  )  will cancel and the log-subtracted
image has no dependence upon the background, and is entire depending on the 
contrast agent. Equation (3.4b) can be rewritten as
The cluttered soft tissue structures (structural noise/anatomical information 
depending on the background composition) are removed (cancelled out) in the log- 
subtracted image, which enhances the location with the contrast agent, providing an 
improvement of lesion (detail) detectability.
s=(jjr-r5*xt) (3.5)
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Figure 3-9: Graph mass attenuation coefficient of iodine (Z=53) as a function of photon energy, 
showing low-and high energy windows.
Image quality and radiation dose for this work were considered (described) in 
terms of contrast-to-noise ratio (CNR) and entrance dose at the upper surface of the 
test object (K).
The detectability of an object is largely determined by the signal difference 
with surrounding objects or background and the fluctuations or noise in the image 
(Bosmans et al. 2005).
Contrast for a detail (in this case cavity containing contrast agent) is the 
difference between the average signal intensity in the central region of the detail 
Odetail and the average signal intensity in the surrounding background ( ibackgromd ),
and normalized by the average signal intensity transmitted behind the background 
region, so that
background detail
I  detail}background ’max
(3.6)
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The overall visibility of a detail can be quantified using the contrast-to-noise 
ratio (CNR). CNR is the ratio of the difference between the detected signal intensities 
of transmitted radiation through an object (a detail) and its background to the 
detected noise in the background (Bosmans et al. 2005), defined as
CNR =
I  -  Tbackground detail
r r   (3.7)
background
W here 'background ' detail Wer® defined  aboV e ' and «background is the
standard deviation associated to the background region.
3.4.2 Quantitative analysis
3.4.2.1 Single pixel spectroscopic CdTe detector
Using Excel, the log-subtracted data were obtained for different energy 
window widths. Profiles across the detail were plotted, and CNR values were 
obtained using equation (3.7). Log-subtracted data for the detail were also obtained 
for different concentrations of iodinated contrast agent (Niopam 150, Bracco). The 
overall visibility of each detail was quantified using the CNR.
3.4.2.2 Pixellated (20 x 20 pixel array) spectroscopic CZT and CdTe 
detectors
The data processing software used provided, for each pixel, a spectrum of the 
photons detected by that pixel (Pani et al. 2011). An example of a spectrum of the 
transmitted photons detected by a pixel in the central region of the detail is shown in 
Figure 3.10., where the iodine K-edge is highlighted.
In this example, the detail is the cylindrical tube containing iodine-based 
contrast agent and the detector is the pixellated spectroscopic CZT detector.
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Figure 3-10: Example of a spectrum of the transmitted photons in the central region of the detail. The 
iodine K-edge and two selections of low energy window and high energy window are highlighted.
Using IDL written routines (written by Dr. Silvia Pani), the images were 
reconstructed by integrating the whole spectrum (simulating images obtained with a 
non-spectroscopic detector) and integrating spectral bands below and above the K- 
edge for different energy window widths. The images obtained below and above the 
K-edge were combined into a log-subtracted image S, using equation (3.5). Profiles 
across the log-subtracted image S were plotted, and CNR values were obtained 
using equation (3.7).
Log-subtracted images for the detail were obtained for different energy 
window (band) widths and concentrations of iodinated contrast agent (Niopam 150, 
Bracco). The overall visibility of each detail was quantified using the CNR.
The effect of different entrance doses was also investigated. In order to avoid 
saturation, that would have affected image contrast, different statistics were 
achieved by keeping the X-ray tube current constant and altering the number of 
frames integrated, rather than by altering the current.
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3.5 Results and discussions
3.5.1 Single pixel spectroscopic CdTe detector
3.5.1.1 Effect of integrating different energy band width
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Figure 3-11: Profiles obtained across the log-subtracted datas for different energy band widths. 
Comparison between the profiles across the detail for the (a) 3-mm tube; (b) 2-mm tube; (c) 1-mm 
tube; containing iodine-based contrast agent with an effective concentration of 150 mg iodine/ml; 
standard deviations (of the values) are represented as error bars.
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Each profile shows background level and high signal where iodine is 
distributed. The background intensity is not equal to 0 because I bg is used instead
of I q in the equation (3.4).
Energy bands of 0.5 keV, 1 keV, 2 keV, 3 keV, 5 keV, 7 keV and 10 keV were 
chosen, below and above the iodine K-edge (33.2 keV), respectively. The spectral 
components within each one of the two energy bands were integrated for each pixel, 
to form a low-energy image and a high-energy image, respectively. Then the two 
images were combined to form a log-subtracted image using equation (3.5).
Figure 3-11 shows that the curves get lower significantly as the amount of the 
contrast agent decreases and also the height of the curves for the same amount of 
contrast agent decreases as the energy band width is increased.
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Figure 3-12: Contrast-to-noise ratio as a function of energy band width for the data shown in Figure 
3-11 ; standard deviations (of the values) are represented as error bars.
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Figure 3.12 shows that the optimum energy band to ensure maximum 
contrast-to-noise ratio is between 3 keV and 5 keV. This optimum band width is 
optimised for this detector (in particular with its associated energy resolution). The 
optimal integration band results from a compromise between high contrast, achieved 
with narrow integration bands, and low statistical noise, achieved with wide bands.
Narrower energy bands, although ensuring maximum contrast by exploiting 
the maximum difference in the attenuation coefficients of the contrast agent below 
and above the K-edge, has significantly higher noise contribute by the low statistics 
of the narrower energy bands. On the other hand, a wide energy band ensures high 
photon statistics, and hence lower image noise but is affected by a strong decrease 
in contrast. As the energy band is increased, the contrast-to-noise ratio should reach 
a maximum value at a point where the decrease in contrast is compensated with the 
decrease in noise, giving a maximum value of contrast-to-noise ratio.
3.5.1.2 Effect of contrast agent concentration
4.5 i -♦ -1 5 0  mg iodine /ml 
100 mg iodine/ml
•5-2.5 -
0 2 4 6 8 10 12 14
Scanning range (mm)
(a)
Figure 3-13: Profiles obtained across the log-subtracted datas for different iodine concentrations for 
the 3-mm tube; obtained using a 3-keV wide energy band; standard deviations (of the values) are 
represented as error bars.
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Figure 3.13 shows in general, a decreased in contrast is observed when 
iodine concentration is reduced from 150 mg iodine/ml to 100 mg iodine/ml. The 
result is expected because theoretically, reduced in iodine concentration in the 
solution that contributes to photons attenuation decreases the CNR (visibility of 
tube). The result shows that the CNR ratio obtained match with what is expected 
from the concentration ratio. From the result, by reducing the iodine concentration to 
two-third of its original concentration, the CNR also reduces to around two-third of 
the CNR obtained at the higher concentration.
Effective CNR-
concentration
3-mm tube
(mg iodine/ml)
150 16.0 ±0.9
100 10.0 ±0.7
Table 3-1: Comparison between the contrast-to-noise ratio for the data shown in Figure 3-13.
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3.5.2 Pixellated (20 x 20 pixel array) spectroscopic CZT detector
3.5.2.1 Logarithmic subtraction below and above the K-edge of iodine
(d)
*The image is part (with the dimension of 5 mm x 5 mm) of the 3 mm tube on the 
test object.
Figure 3-14: Images of the 3-mm tube containing iodine-based contrast agent with an effective 
concentration of 150 mg iodine/ml, obtained from: (a) integration of the whole spectrum; (b) 
integration of a 1-keV wide energy band below the iodine K-edge; (c) integration of a 1-keV wide 
energy band above the iodine K-edge; (d) logarithmic subtraction of (b) and (c).
In Figure 3-14, the log-subtracted image (d), obtained from logarithmic 
subtraction (combination) of image (b) and (c) shows greater visibility of the detail 
than the image obtained by integrating the whole spectrum (that simulating an image 
obtained with a non-spectroscopic detector), showing the potential benefit of K-edge 
subtraction technique compared to conventional absorption imaging.
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3.5.2.2 Effect of integrating different energy band width
(a) (b) (c)
(d) (e)
*The image is part (with the dimension of 5 mm x 5 mm) of the 2 mm tube on the 
test object.
Figure 3-15: Log-subtracted images of the 2-mm tube containing iodine-based contrast agent with an 
effective concentration of 150 mg iodine/ml; the integration band width for the images below and 
above the iodine K-edge are: (a) 0.5 keV; (b) 1 keV; (c) 2 keV; (d) 5 keV; (e) 10 keV.
Energy bands of 0.5 keV, 1 keV, 2 keV, 3 keV, 5 keV, 7 keV and 10 keV were 
chosen, below and above the iodine K-edge (33.2 keV), respectively. The spectral 
components within each one of the two energy bands were integrated pixel by pixel, 
to form a low-energy image and a high-energy image, respectively. Then the two 
images were combined to form a log-subtracted image using equation (3.5).
Figure 3-15 shows first an increase in contrast, then follow by a decrease in 
contrast is observed when increasing from the 0.5 keV band up to the 10 keV. For
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the wider energy band (10 keV integration band width), the detail is poorly 
distinguishable.
Results in Figure 3-15 shows that log-subtracted images obtained by 
integrating narrow energy bands (integration band width between 0.5 keV and 5 keV) 
feature greater contrast than the image obtained by integrating a wider energy band 
(10 keV integration band width).
As the background for the test object used for work in this chapter is uniform, 
it is not quite a matter of background removal as much as fully exploiting the 
maximum difference in the attenuation coefficients of iodine on the two sides of the 
K-edge. Integrating low- and high-energy windows which are closer to each other on 
the two sides of the K-edge ensures maximum difference in the attenuation 
coefficients of iodine for the low- and high-energy image, thus ensuring higher 
contrast in the log-subtracted image, as shown in diagram in Figure 3.9. Contrast 
enhancement resulting from the background removal will be addressed when the 
logarithmic subtraction algorithm is applied to the other test object or phantom with a 
non-uniform background.
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Figure 3-16: Profiles obtained across the log-subtracted images for different energy band widths. 
Comparison between the profiles across the detail for the (a) 3-mm tube; (b) 2-mm tube; (c) 1-mm 
tube; (d) 0.5-mm tube; containing iodine-based contrast agent with an effective concentration of 150 
mg iodine/ml; standard deviations (of the values) are represented as error bars.
Each profile shows background level and high signal where iodine is 
distributed. Figure 3-16 shows that the curves get lower significantly as the amount 
of the contrast agent decreases and also the height of the curves for the same 
amount of contrast agent decreases as the energy band width is increased. The
background intensity is not equal to 0 because I bg is used instead of I 0 in the 
equation (3.4).
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Figure 3-17: Contrast-to-noise ratio as a function of energy band width for the data shown in Figure 
3-16; standard deviations (of the values) are represented as error bars.
The data shown in Figure 3-17 show that the optimum energy window to 
ensure maximum contrast-to-noise ratio is between 1 keV and 2 keV. This optimum 
band width is optimised for this detector (in particular with its associated energy 
resolution). This is because the optimal integration band results from a compromise 
between high contrast, achieved with narrow integration bands, and low statistical 
noise, achieved with wide bands. Images obtained with narrower energy bands, 
although ensuring maximum contrast by exploiting the maximum difference in the 
iodine absorption coefficient below and above the K-edge, have significantly higher 
noise because they feature lower statistics. On the other hand, a wide energy band 
ensures high statistics, and hence lower noise but is affected by a strong decrease in 
contrast.
A narrow band (< 1 keV) although allowing maximum contrast, is more 
strongly affected by statistical noise, and hence the visibility of smaller details is 
compromised. This is proven by the CNR measurements shown in Figure 3-17. Due 
to the lower intrinsic contrast of the smaller tubes (0.5-mm, 1-mm and 2-mm tubes), 
these details have better CNR when using a wider energy band, allowing the
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exploitation of higher statistic. On the other hand, with higher intrinsic contrast for the 
3-mm tube, a narrower energy band (with lower statistics and hence higher noise) 
can be used to obtained sufficient tube visibility. This is the reason why the peak for 
the smaller tubes (0.5-mm, 1-mm and 2-mm tubes) has shifted to the right for wider 
energy band width.
3.5.2.3 Effect of contrast agent concentration
(a) (b)
(c) (d)
*The image is part (with the dimension of 5 mm x 5 mm) of the 2 mm tube on the 
test object.
Figure 3-18: Log-subtracted images of the 2-mm tube containing iodine-based contrast agent with an 
effective concentration of: (a) 150 mg iodine/ml; (b) 100 mg iodine/ml; (c) 75 mg iodine/ml; (d) 50 mg 
iodine/ml; obtained using a 1-keV wide energy band width.
An energy band of 1 keV was chosen to integrate the transmitted X-ray
spectrum, below and above the iodine K-edge (33.2 keV), respectively, for the 2-mm
tube containing different amounts of iodine concentration. This is because from the
results on integrating different energy band width, the optimum energy window to
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ensure maximum contrast-to-noise ratio achieved is between 1 keV and 2 keV. The 
spectral components within each one of the two energy bands were integrated pixel 
by pixel, to form a low-energy image and a high-energy image, respectively. Then 
the two images were combined to form a log-subtracted image using equation (3.5).
Figure 3-18 shows in general, a decrease in contrast is observed when 
reducing from the 150 mg iodine/ml concentration down to the 50 mg iodine/ml.
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Figure 3-19: Profiles obtained across the log-subtracted images for different iodine concentrations. 
Comparison between the profiles across the detail for the (a) 3-mm tube; (b) 2-mm tube; (c) 1-mm 
tube; (d) 0.5-mm tube; obtained using a 1-keV wide energy band; standard deviations (of the values) 
are represented as error bars.
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Each profile shows background level and high signal where iodine is 
distributed. Figure 3-19 shows that the curves get lower significantly as the 
concentration of the contrast agent decreases for the same detail. The background
intensity is not equal to 0 because I bg is used instead of / 0 in the equation (3.4).
Figure 3-20 shows that as expected, the visibility in the log-subtracted image 
is higher for the higher iodine concentration than for the lower concentration. This is 
because reduced in iodine concentration in the solution that contributes to photons 
attenuation decreases the contrast-to-noise ratio (visibility of tubes). The result 
shows that the CNR ratio obtained doesn't match with what is expected from the 
concentration ratio. From the results, in most cases, the CNR ratios are lower than 
the concentration ratios. The reason for this might be concentration error occurred 
during the process of dilution and chemical reaction of the contrast agent when 
added with distilled water.
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Figure 3-20: Contrast-to-noise ratio as a function of effective iodine concentration for the data shown 
in Figure 3-19. The lines show linear fits to the data; standard deviations (of the values) are 
represented as error bars.
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Figure 3.20 shows linear fit to the data for the CNR as a function of 
concentration. A linear behaviour is expected due to equation (3.5). The iodine 
concentration determines how radiopaque the region with the contrast agent is.
3.5.2.4 Effect of entrance surface dose
(a) (b) (c)
(d) (e) (f)
*The image is part (with the dimension of 5 mm x 5 mm) of the 2 mm tube on the 
test object.
Figure 3-21 : Log-subtracted images of the 2-mm tube containing iodine-based contrast agent with an 
effective concentration of 100 mg iodine/ml; the entrance surface dose to the test object are: (a) 400 
MGy, (b) 300 pGy; (c) 200 pGy; (d) 100 pGy; (e) 50 pGy; (f) 25 pGy; obtained using a 1-keV wide 
energy band width. Lower doses could not be achieved due to instability of the X-ray source below 10 
(jA.
An energy band of 1 keV was chosen to integrate the transmitted X-ray 
spectrum, below and above the iodine K-edge (33.2 keV), respectively, for the 2-mm
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tube containing 100 mg/ml iodine concentration, for different entrance surface dose 
to the test object. The spectral components within each one of the two energy bands 
were integrated pixel by pixel, to form a low-energy image and a high-energy image, 
respectively. Then the two images were combined to form a log-subtracted image 
using equation (3.5).
The test object entrance surface dose (BSD) was measured using an ion 
chamber (Farmer Dosemeter 2670A). Figure 3-21 shows in general, a decrease in 
contrast is observed when reducing from the 400 pGy dose down to the 25 pGy. 
CNR value obtained with a mammographie imaging system will be compared to the 
measured values in this study in the next chapter (Chapter 4).
Figure 3-22 below shows a power fits to the data for the CNR as a function of 
entrance surface dose. As CNR a ^Dose (Iniewski 2011), fitting function should be 
in the power of 0.50, and from the graph, it is shown that the fitting function is in the 
power of O.45+O.O1 which is near to the expected value.
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Figure 3-22: Contrast-to-noise ratio as a function of entrance surface dose for the data shown in 
Figure 3-21. The curve shape shows power fits to the data; standard deviations (of the values) are 
represented as error bars.
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3.5.2.5 Non-uniform background removal
(c)
Figure 3-23: Images of the test object, with 3-mm, 2-mm and 1-mm tubes containing iodine-based 
contrast agent with an effective concentration of 150 mg iodine/ml, obtained from: (a) integration of a 
2-keV wide energy band below the iodine K-edge; (b) integration of a 2-keV wide energy band above 
the iodine K-edge; (c) logarithmic subtraction of (a) and (b). The test object was attached to a metal 
wire (aluminium) to create a non-uniform background.
After preliminary testing in this chapter, a non-uniform background was 
created for the imaging task. Figure 3.23 (c) shows the log-subtracted image of the 
test object with a custom-made non-uniform background built in order to assess the 
capability of the technique to remove background. The material chosen to create the 
non-uniform background is a metal wire (aluminium). From the subtracted image in 
Figure 3.23, the aluminium as one of the background element has not been 
completely removed by the logarithmic subtraction algorithm.
The reason is equation (3.5) for log-subtraction was derived under the assumption 
that for a sufficiently narrow energy window, the attenuation coefficients of the
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background can be assumed to be nearly constant below and above the K-edge, for 
which the log-subtracted image has no dependence upon the background. The 
aluminium attenuation coefficient varies more strongly across the energy range of 
interest, so the attenuation coefficient of the non-uniform background can no longer 
assumed to be constant below and above the K-edge, thus the background cannot 
be completely removed by the background removal algorithm ([refer to equation
(3.5)] the IDL routines were written by Dr. Silvia Rani). The quantification is not in the 
form of calculation or value where based on Figure 3.23, the metal wire (aluminium) 
which has been attached to the test object is still visible after logarithm subtraction 
algorithm has been applied, showing that the background cannot be completely 
removed by the background removal algorithm (equation 3.5). However, the 
correction for the difference in absorption coefficient could be done with algorithm.
However, the background non-uniformities have been removed as shown in 
Figure 3.23. A more suitable test object (breast phantom) will be designed for future 
work in Chapter 4. Figure 3.24 below shows the linear attenuation coefficients of the 
aluminium obtained from X-Mudat (Nowotny 1998).
Ï  10'
10°
photon energy, keV
Figure 3-24: Plot of the mass attenuation coefficient of aluminium as a function of photon energy, 
showing the attenuation coefficient varies strongly across the energy range of interest (Nowotny 
1998).
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3.5.3 Pixellated (20 x 20 pixel array) spectroscopic CdTe detector
3.5.3.1 Logarithmic subtraction below and above the K-edge of iodine
(a) (b) (c)
(d)
*The image is part (with the dimension of 5 mm x 5 mm) of the 3 mm tube on the 
test object.
Figure 3-25: Images of the 3-mm tube containing iodine-based contrast agent with an effective 
concentration of 150 mg iodine/ml, obtained from: (a) integration of the whole spectrum; (b) 
integration of a 1-keV wide energy band below the iodine K-edge; (c) integration of a 1-keV wide 
energy band above the iodine K-edge; (d) logarithmic subtraction of (b) and (c).
Here, the experiments done previously using the pixellated (20 x 20 pixel 
array) spectroscopic CZT detector is repeated for a pixellated (20 x 20 pixel array) 
spectroscopic CdTe detector.
In Figure 3-25, the log-subtracted image (d), obtained from logarithmic 
subtraction (combination) of image (b) and (c) shows greater visibility of the detail 
than the image obtained by integrating the whole spectrum (that simulating an image
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obtained with a non-spectroscopic detector), showing the potential benefit of K-edge 
subtraction technique compared to conventional absorption imaging. Images for the 
whole spectrum integration, below and above the K-edge are very noisy.
3 5.3.2 Effect of integrating different energy band width
(d) (e)
*The image is part (with the dimension of 5 mm x 5 mm) of the 3 mm tube on the 
test object.
Figure 3-26: Log-subtracted images of the 3-mm tube containing iodine-based contrast agent with an 
effective concentration of 150 mg iodine/ml; the integration band width for the images below and 
above the iodine K-edge are: (a) 0.5 keV; (b) 1 keV; (c) 2 keV; (d) 5 keV; (e) 10 keV.
Energy bands of 0.5 keV, 1 keV, 2 keV, 3 keV, 5 keV, 7 keV and 10 keV were 
chosen, below and above the iodine K-edge (33.2 keV), respectively. The spectral 
components within each one of the two energy bands were integrated pixel by pixel,
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to form a low-energy image and a high-energy image, respectively. Then the two 
images were combined to form a log-subtracted image using equation (3.5).
Figure 3-26 shows first an increase in contrast, then follow by a decrease in 
contrast is observed when increasing from the 0.5 keV band up to the 10 keV. For 
the wider energy band (10 keV integration band width), the detail is poorly 
distinguishable.
Results in Figure 3-26 shows that log-subtracted images obtained by 
integrating narrow energy bands (integration band width between 0.5 keV and 5 keV) 
feature greater contrast than the image obtained by integrating a wider energy band 
(10 keV integration band width).
The same as the result for pixellated CZT detector, as the background for the 
test object used for work in this chapter is uniform, it is not quite a matter of 
background removal as much as fully exploiting the maximum difference in the 
attenuation coefficients of iodine on the two sides of the K-edge. The contrast is the 
higher the closer the bands are.
Figure 3-27: Profiles obtained across the log-subtracted images for different energy band widths for 
the 3-mm tube, containing iodine-based contrast agent with an effective concentration of 150 mg 
iodine/ml; standard deviations (of the values) are represented as error bars.
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The optimal integration band results from a compromise between high 
contrast, achieved with narrow integration bands, and low statistical noise, achieved 
with wide bands. Images obtained with narrower energy bands, although ensuring 
maximum contrast by exploiting the maximum difference in the iodine absorption 
coefficient below and above the K-edge, have significantly higher noise because 
they feature lower statistics. On the other hand, a wide energy band ensures high 
statistics, and hence lower noise but is affected by a strong decrease in contrast. 
This causes the CNR to have a maximum between 0.5 keV and 1 keV, as shown in 
Figure 3-28. This optimum band width is optimised for this detector (in particular with 
its associated energy resolution).
This is consistent with the results from the Cadmium Zinc Telluride detector, 
where for both detectors there are maximum values for contrast-to-noise ratio across 
the range.
The background intensity is not equal to 0 because I bg is used instead of 
/ 0 in the equation (3.4).
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Energy band width (keV)
Figure 3-28: Contrast-to-noise ratio as a function of energy band width for the data shown in Figure 
3-27; standard deviations (of the values) are represented as error bars.
Page 89 of 183
Contrast Agent Mammography Using Spectroscopic Detectors
3.5.3.3 Effect of contrast agent concentration
(a) (b)
‘ The image is part (with the dimension of 5 mm x 5 mm) of the 3 mm tube on the 
test object.
Figure 3-29: Log-subtracted images of the 3-mm tube containing iodine-based contrast agent with an 
effective concentration of: (a) 150 mg iodine/ml; (b) 100 mg iodine/ml; obtained using a 1-keV wide 
energy band width.
An energy band of 1 keV was chosen to integrate the transmitted X-ray 
spectrum, below and above the iodine K-edge (33.2 keV), respectively, for the 3-mm 
tube containing different amounts of iodine concentration. This is because from the 
results on integrating different energy band width, the optimum energy window to 
ensure maximum contrast-to-noise ratio achieved is between 0.5 keV and 1 keV. 
The spectral components within each one of the two energy bands were integrated 
pixel by pixel, to form a low-energy image and a high-energy image, respectively. 
Then the two images were combined to form a log-subtracted image using equation
(3.5).
Figure 3-29 shows in general, a decrease in contrast is observed when 
reducing from the 150 mg iodine/ml concentration down to the 100 mg iodine/ml.
As expected, the visibility in the log-subtracted image is higher for the higher 
iodine concentration that for the lower concentration. However, the result shows that 
the CNR ratio obtained doesn’t match with what is expected from the concentration 
ratio. From the result, by reducing the iodine concentration to two-third of its original
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concentration, the CNR reduces to more than half of the CNR obtained at higher 
concentration. The reason for this might be concentration error occurred during the 
process of dilution and chemical reaction of the contrast agent when added with 
distilled water, giving lower concentration than expected.
3.S.3.4 Effect of entrance surface dose
The image is part (with the dimension of 5 mm x 5 mm) of the 3 mm tube on the
test object.
Figure 3-30: Log-subtracted images of the 3-mm tube containing iodine-based contrast agent with an 
effective concentration of 150 mg iodine/ml; the entrance surface dose to the phantom are: (a) 400 
pGy; (b) 300 pGy; (c) 200 pGy; (d) 100 pGy; (e) 50 pGy; (f) 25 pGy; obtained using a 1-keV wide 
energy band width.
An energy band of 1 keV was chosen to integrate the transmitted X-ray 
spectrum, below and above the iodine K-edge (33.2 keV), respectively, for the 3-mm
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tube containing 150 mg/ml iodine concentration, for different entrance surface dose 
to the test object. The spectral components within each one of the two energy bands 
were integrated pixel by pixel, to form a low-energy image and a high-energy image, 
respectively. Then the two images were combined to form a log-subtracted image 
using equation (3.5).
Figure 3-31 below shows power fits to the data for the CNR as a function of 
entrance surface dose. From the graph, it is shown that the fitting function is in the 
power of 0.58±0.01 which is near to the expected value of 0.50. The result in Figure 
3-31 shows in general, a decrease in CNR is observed when reducing from the 400 
pGy dose down to the 25 pGy.
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Figure 3-31: Contrast-to-noise ratio as a function of entrance surface dose for the data shown in 
Figure 3-30. The curve shape shows power fits to the data; standard deviations (of the values) are 
represented as error bars.
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Figure 3-31 shows that the results are consistent with the results from the 
Cadmium Zinc Telluride detector (with 2-mm detail filled with 100 mg iodine/ml), 
where for both detectors, the maximum contrast-to-noise ratio is for 1 keV energy 
window. However, the absolute values in the two figures are not comparable due to 
the different detail size and iodine concentration.
3.5.4 Comparison between pixellated spectroscopic CZT detector and 
pixellated spectroscopic CdTe detector
Figure 3-32 shows a comparison of the contrast-to-noise ratios for different 
energy bands, with the Cadmium Zinc Telluride and Cadmium Telluride detectors, 
showing similar trends.
pixellated CdTe 
pixellated CZT
1 0 0
20
8
Energy band width (keV)
Figure 3-32: Contrast-to-noise ratio for different energy band widths for the 3-mm tube containing 
iodine-based contrast agent with an effective concentration of 150 mg iodine/ml. Comparison between 
the contrast-to-noise ratio for the (a) pixellated spectroscopic CZT detector; (b) pixellated 
spectroscopic CdTe detector; standard deviations (of the values) are represented as error bars.
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By comparing the contrast-to-noise ratios for different contrast agent 
concentrations with the Cadmium Zinc Telluride and Cadmium Telluride detectors, 
the results show that for the Cadmium Telluride detector, the contrast-to-noise ratio 
for the 100 mg iodine/ml (CNR=5) and the 150 mg iodine/ml concentration (CNR=52) 
is too low in comparison with the Cadmium Zinc Telluride detector (CNR=42 and 
CNR=83, respectively). The data for Cadmium Telluride detector are very noisy, 
therefore are less reliable, and this might be contributing to the low CNR values.
Comparing to the CNR values obtained with a full-field mammographie unit 
(Hologic Selenia Dimensions) with an amorphous selenium flat panel detector in 
Chapter 4, the CNR values are (CNR=25) and (CNR=50) for 100 mg iodine/ml and 
150 mg iodine/ml concentrations, respectively. The phantom was exposed in full 
automatic mode (ABC mode) where the automatic mode automatically setup the 
tube voltage at 29 kVp and exposure at 109 mAs, with W anode and Rh filter.
The result shows that the CNR ratio obtained doesn’t match with what is 
expected from the concentration ratio. From the results, in most cases, the CNR 
ratios are lower than the concentration ratios (for the CZT detector), and by reducing 
the iodine concentration to two-third of its original concentration, the CNR reduces to 
more than half of the CNR obtained at higher concentration (for the CdTe detector). 
The reason for this might be concentration error occurred during the process of 
dilution and chemical reaction of the contrast agent when added with distilled water, 
giving lower concentration than expected.
The conclusion for this chapter is that from the preliminary work on small-size 
detectors, the results show the feasibility of K-edge subtraction imaging by using 
these position-sensitive spectroscopic detectors and of a polychromatic beam from a 
conventional X-ray source.
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Chapter 4
4. Static Breast Phantom - 80 x 80 Pixel Array 
Cadmium Telluride Detector
4.1 Introduction
In this chapter, the work from Chapter 3 is continued by replacing the test 
object with a custom-made breast phantom with a non-uniform background. The 
work has been carried out with a 80 x 80 pixel array CdTe detector with 250 x 250 
pm2 each pixel, for a total active area of 2.0 x 2.0 cm2, 1 mm thick and equipped with 
custom readout electronics. Results are presented for two different image 
subtraction algorithms: logarithmic subtraction and dual-energy linear combination.
It has been shown in Chapter 3 that the logaritmic subtraction algorithm relies 
strongly on the choice of integration bands that are narrow and close to each other 
on the two sides of the K-edge. This algorithm relies on the strong assumption that 
for a sufficiently narrow energy separation (gap), the variation between the 
attenuation coefficients of iodine at the two energies (of the two bands) is negligible. 
As discussed in Chapter 3, the contrast is the higher the closer the bands are, so 
that the maximum difference in the attenuation coefficients of iodine on the two sides 
of the K-edge is fully exploited. The use of broader integration bands results in the
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drop in contrast, for which the difference in the attenuation coefficient of iodine 
decreases. When the average energies of the two bands are apart, the assumption 
that the attenuation of the background doesn't vary no longer holds; therefore, the 
background structures are no longer completely removed from the subtracted image, 
adding to the structural noise in the image.
On the other hand, the dual-energy algorithm is a more generic algorithm 
initially proposed by Lehmann et al (Lehmann et al. 1981) and later on used in 
several K-edge imaging applications (Sarnelli et al. 2004), (Marziani et al. 2002), 
(Taibi et al. 2003). The dual-energy algorithm consists of decomposing an image into 
two components; for this study, the components chosen were iodine, representing 
the contrast agent, and water, representing the background materials. This algorithm 
doesn’t rely specifically on the presence of a K-edge, but on the presence of 
sufficient variations in the attenuation coefficients of the two materials at the two 
energies chosen. As this algorithm is less reliant on the selection of two integration 
bands that are narrow and close to each other, dual-energy algorithm should 
performs better than logaritmic subtration in terms of both contrast improvement and 
structural noise reduction in the iodine image.
In this chapter, the choice of 50 kV spectrum and 3 mm Al filtration used was 
based on the optimization of spectral done in this study where the X-ray spectra 
obtained for the X-ray beam produced with a tungsten anode at several tube 
voltages ranging from 40-60 kVp based on the work by Birch and Marshall (Birch, 
Marshall 1979) in combination with different Al filter thicknesses were simulated 
using the spectrum processor of IPEM Report 78 (Cranley et al. 1997) in order to 
obtain an optimised narrow spectrum with the peak centred at the K-edge of iodine.
4.2 Experimental setup
The beam was filtered with Al in order to remove low-energy components of 
the beam not useful for image formation, and in order to shape the X-ray energy 
spectrum so that the maximum of the beam spectrum was around 30 keV, very close
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to the iodine K-edge (33.2 keV). This would minimise unnecessary dose to the 
patient.
3 mm Al filtration instead of 2 mm (as in Chapter 3) is chosen to increase the 
mean energy, closer to the iodine K-edge (33.2 keV). A lower tube loading of 2uA 
has been used for imaging tasks instead of 10 uA to further reduce the entrance 
surface dose to the phantom. This is because the data from different pixels are not 
processed separately, so an increase in the detector size requires a reduction in the 
overall flux for the system to be able to process the events in the same time frame.
A typical X-ray spectrum for the beam settings used (Cranley et al. 1997), with 
the iodine K-edge marked, is shown in Figure 4-1 below.
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Figure 4-1: Simulated tungsten spectra with 50 kVp transmitted by 3 mm aluminium filter (Cranley et 
al. 1997). The iodine K-edge (33.2 keV) is marked.
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The experimental setup comprised of a W-anode X-ray source (Hamamatsu 
80 kV Microfocus X-ray Source L6731-01 SPL), a pixellated spectroscopic (energy- 
resolving) Cadmium Telluride detector, and a custom-made breast phantom 
containing different concentrations of iodine-based contrast agent.
Picture 4-1: Pixellated spectroscopic CdTe (Acrorad) detector: (a) experimental setup; (b) the 
custom-made breast phantom containing iodine-based contrast agent was scanned in front of the 
detector.
The phantom was placed at 65.0 cm from the X-ray source (source-to-surface 
distance, SSD), and the detector was placed at 75.0 cm from the source (source-to- 
image distance, SID). The X-ray source was operated at 50 kVp and 2 pA; the beam 
was filtered with 3 mm Al.
The detector used was a larger area 80 x 80 pixel array Cadmium Telluride 
(Acrorad) with 250 x 250 pm2 pixels, for a total active area of 2.0 x 2.0 cm2, 1 mm 
thick and equipped with custom readout electronics (a 80 x 80 readout ASIC which is 
bump-bonded to the detector) (Seller, et 2011). The detector was read out at a rate 
of 21000 frames per second, and each image is obtained by integrating a certain
Filter (3 mm Al)
80 x 80 pixel array CdTe 
(Acrorad) detector
80 x 80 pixel array CdTe 
(Acrorad) detector
X-ray source
Breast phantom
(b)
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number of frames. The detector was biased to -500 V and held at a constant 
temperature of 20° C throughout the exposure (Seller, et 2011). To avoid polarisation 
the bias was refreshed to 0 V for 2 second once every 60 seconds (as in Chapter 3).
A dedicated data acquisition (DAQ) system controls and collects the data from 
the 80 x 80 ASIC (Seller, et 2011), (Wilson et al. 2011). A base camera link interface 
is used to pass the data to a frame grabber in a PC where the data is saved directly 
to the hard disc (Wilson et al. 2011). The readout programme allows the raw data to 
be saved in the form of binary files for quantitative analysis.
For the acquisition of object regions bigger than the detector area, the test 
object was scanned in front of the detectors using a remote-controlled linear stage 
(Micos VT-80 with SMC controller (a Corvus-eco controller); Micos Gmbh, Germany) 
(that can be moved in both lateral and vertical direction) and the images acquired at 
different steps were combined off-line.
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4.2.1 Detector characterisation
4.2.1.1 Dose rate response
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Figure 4-2: Dose rate response for the 80 x 80 pixel array CdTe (Acrorad) detector. Comparison 
between: (a) 30 kVp; (b) 40 kVp; (c) 50 kVp; (d) 60 kVp; (e) 70 kVp; (f) 80 kVp; standard deviations 
(of the values) are represented as error bars.
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Dose rate response for the detector was measured to check for saturation in 
the response. Figure 4.2 shows that the intensity became saturated as the tube 
current (pA) and entrance dose rate (pGy/min) to the detector increases and the 
saturation became predominant as the tube voltage (kVp) is increased (high energy) 
because of higher flux. Figure 4.2 shows the response change at different tube 
current and detector dose rate depending on the energy (tube voltage).
From the curve shape of the dose rate response above, it can be concluded 
that this larger area CdTe detector has a paralyzable response, the same response 
as the smaller area CdTe detector used in Chapter 3. Both responses are almost 
linear at low count rate for both CdTe detectors, and begin to diverge only at high 
count rate levels. In order to avoid saturation, the current for 50 kVp measurements 
was kept constant at 2 j jA  (low tube current), and different doses were achieved by 
integrating different numbers of frames.
4.2.1.2 Energy calibration
E0 = 0.2866 keV/channel + 2.3943 keV
c 20
■ 80 x 80 pixels CdTe (Acrorad) 
1 channel =0.29 keV
0 100 200
Channel number
Figure 4-3: Energy calibration for the 80 x 80 pixel array CdTe (Acrorad) detector (1 
channel=0.29±0.06 keV). The lines show linear fits to the data; standard deviations (of the values) are 
represented as error bars.
Page 101 of 183
Contrast Agent Mammography Using Spectroscopic Detectors
Energy calibration for the 80 x 80 pixel array CdTe (Acrorad) detector was 
done using a VEX source as described in Chapter 3.
The uncertainty in channel numbers are calculated using the standard 
deviation. The results give 1 channel=0.29±0.06 keV for the 80 x 80 pixel array CdTe 
(Acrorad) detector.
The spectra for this detector were less noisy and the peaks were easily 
distinguishable (due to bias stability) compare to the spectra from the 20 x 20 pixel 
array CdTe (Acrorad) detector used in Chapter 3. Figure 4.4 below shows examples 
of the spectra obtained with this detector.
£
i
z
Channel number Channel number
ü
!
z
(a) (b)
Channel number Channel number
(c) (d)
Figure 4-4: Examples of the spectra obtained with the 80 x 80 pixel array CdTe (Acrorad) detector 
using X-ray fluorescence peaks for: (a) Tb; (b) Ba; (c) Ag; (d) Mo.
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4.2.1.3 Energy resolution
10 i
FWHMq = 0.216 channel/keV
■ 80 x 80 pixels CdTe (Acrorad)
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Channel number
Figure 4-5: Energy resolution for the 80 x 80 pixel array CdTe (Acrorad) detector. The lines show 
linear fits to the data; standard deviations (of the values) are represented as error bars.
Calculation for energy resolution was obtained using the same X-ray spectra 
used for energy calibration, with X-ray fluorescence peaks for Tb, Ba, Ag and Mo.
The result gives an average energy resolution=6.20±0.04% for the 80 x 80 
pixel array CdTe (Acrorad) detector. The energy resolution for this detector was 
calculated using equation (3.1) as described in Chapter 3.
From the result, this detector has a lower energy resolution than the 20 x 20 
pixel array CdTe (Acrorad) detector used in Chapter 3.
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4.3 Breast phantom
Picture 4-2: The custom-made breast phantom consisting of a PMMA box, filled with acrylic spheres 
and olive oil, and superimposed with the custom-built test object used in Chapter 3.
The breast phantom is a custom-made 3-component phantom, comprises of 
three major components -  acrylic spheres, olive oil and an iodinated contrast agent. 
The phantom consists of a 4 cm thick PMMA box, with 5 mm thick walls, filled with 
two different diameters of acrylic spheres; 9.5 mm and 15.9 mm and olive oil to 
simulate glandular and adipose tissue, respectively.
The PMMA box is superimposed with a 6 mm thick PMMA slab, with 
cylindrical tubes 3 mm, 2 mm and 1 mm in diameter. The tubes were filled with 
iodine-based commercial contrast agent (Niopam 150, Bracco) undiluted, giving an 
effective concentration of 150 mg iodine/ml and diluted with distilled water, to give 
concentrations of 100 mg iodine/ml, 75 mg iodine/ml and 50 mg iodine/ml, 
respectively. The axes of the cylindrical tubes were kept orthogonal to the beam 
direction during imaging.
The task of detecting iodine details on the cluttered background originating 
from the contrast between acrylic spheres and olive oil is analogous to the task of 
distinguishing contrast agents in a mixture of glandular and adipose tissues in the 
breast (Saito 2007).
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Figure 4-6: Linear attenuation coefficients for breast tissue and phantom materials simulating breast 
tissue (Bornefalk, Hemmendorff & Hjarn 2007).
Their absorption properties indicate that acrylic and olive oil can be used to 
represent glandular and adipose tissues, respectively, in the energy range of interest 
(Saito 2007). Figure 4-6 shows the linear attenuation coefficients of the phantom 
materials (acrylic, and olive oil) obtained from the XCOM database (Berger, Hubbell) 
compared to those of breast tissues (Johns, Yaffe 1987). While the attenuation ratio 
for acrylic/olive oil is lower than that for glandular/adipose tissue, the deviation is 
small (Bornefalk, Hemmendorff & Hjarn 2007). Furthermore, the differences ( p acryiic- 
M-oii) and (pg iadu ia rH -ad ipose ) are similar over the entire energy region of interest 
(Bornefalk, Hemmendorff & Hjarn 2007), as demonstrated in Figure 4-6. The 
difference between the attenuation coefficient differences for a acrylic-oil and 
glandular-adipose in the energy range of interest varies between -0.6 cm'1 and -0.1 
cm'1. Thus, this is an acceptable choice of phantom material for this work.
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4.4 Image reconstruction and quantitative analysis
4.4.1 Image reconstruction
4.4.1.1 Dual-energy algorithm
A more complex approach addresses the more generic case of dual-energy 
imaging is based on the theory proposed by Alvarez and Macovski (1976) (R E 
Alvarez and 1976) and Lehmann et al (1981) (Lehmann et al. 1981). This algorithm 
relies on the assumption that the mass attenuation coefficient of any material p, can 
be expressed as a linear combination of the mass attenuation coefficients of any two 
suitably chosen basis materials A and B. In other words, it consists of decomposing 
an image into two components; for this study, the components chosen were iodine, 
representing the contrast agent, and water, representing all other (background) 
materials.
This algorithm doesn’t rely specifically on the presence of a K-edge, but on 
the presence of sufficient variations in the attenuation coefficients of the two 
materials (iodine and water) at the two energies chosen. It can be used with any two 
energies, as long as there is a detectable difference between the attenuation 
coefficients of the two materials (iodine and water) at the two energies. The two 
energies chosen were a pair of low-energy and high-energy below and above the 
iodine K-edge, respectively. So, the two equations describing the attenuation at the 
two energies chosen can be written as
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where (px)iodine is the mass density of iodine, and (px)water is the water 
equivalent mass density of all other materials;
(fj/p)lodine and (jLt/p)water are the mass attenuation coefficients for the iodine and 
water, respectively; at the two energies used.
By solving this system of linear equations (4.1) and (4.2) for (px)iodine and
(px)wateri the two projections can be retrieved separately as an “iodine equivalent” 
image and a “water equivalent” image. The “iodine equivalent” image is the map of 
contrast medium concentration while the “water equivalent” image includes all other 
materials.
An “iodine equivalent” image and a “water equivalent” image can be obtained 
from each pair of low-energy and high-energy images using equation (3.4b) as 
derived in Chapter 3:
s = < K -  - < ) +
In this work, the mass attenuation coefficients were chosen at the centre of 
each integration band. The data were obtained from X-Mudat (Nowotny 1998). The 
effect of the algorithm on the visibility of details was measured using the contrast-to- 
noise ratio (CNR) as defined in Chapter 3 (equation (3.7)).
As no other assumption about the attenuation coefficients of the background 
material is made, this algorithm appears more suitable than logarithmic subtraction 
for use with broad integration bands when the attenuation coefficient of the 
background cannot be assumed to be constant on the two sides of the K-edge.
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4.4.2 Quantitative analysis
The data processing software used provided, for each pixel, a spectrum of the 
photons detected by that pixel (Rani et al. 2011).
Using IDL written routines, log-subtracted images were obtained as in 
Chapter 3.
Next, using equation (3.4b) as derived in Chapter 3, an “iodine equivalent” 
image and a “water equivalent” image were obtained from each pair of low-energy 
and high-energy images for different energy band widths. Profiles across the “iodine 
equivalent” image were plotted, and CNR values were obtained using equation (3.7).
Log-subtracted images and “iodine equivalent” images for the details were 
obtained for different band widths and concentrations of iodinated contrast agent 
(Niopam 150, Bracco). The overall visibility of each detail was quantified using the 
CNR. Results for both algorithms were compared in terms of CNR.
The effect of different entrance doses was also investigated. In order to avoid 
saturation, that would have affected image contrast, different statistics were 
achieved by keeping the X-ray tube current constant and altering the number of 
frames integrated, rather than by altering the current.
As in Chapter 3, in this study, I bg is used instead of I q . I q was not
measured because it is not possible to remove the phantom for I q measurement and 
later to keep the experiment setup the same as before.
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4.5 Results and discussions
4.5.1 Subtraction below and above the K-edge of iodine
Logarithmic subtraction algorithm Dual-energy algorithm
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(e)
*The image is part (with the dimension of 20 mm x 20 mm) of the 3 mm tube on the test 
object.
Figure 4-7: Images of the 3-mm tube containing iodine-based contrast agent with an effective 
concentration of 150 mg iodine/ml, obtained from: (a) integration of the whole spectrum; (b) 
integration of a 5-keV wide energy band below the iodine K-edge; (c) integration of a 5-keV wide 
energy band above the iodine K-edge; (d) (i) logarithmic subtraction of (b) and (c); and (d) (ii) iodine 
component; (e) water component obtained with the dual-energy algorithm, respectively.
In this chapter, a non-uniform background consisting of a mixture of acrylic 
spheres and olive oil (that simulates the mixture of glandular and adipose tissues in 
the breast) is created for the imaging task.
In Figure 4-7, the log-subtracted image (d), obtained from logarithmic 
subtraction (combination) of image (b) and (c) shows greater visibility of the detail 
than the image obtained by integrating the whole spectrum (a). The increase in 
visibility in the log-subtracted image (d) proved the effectiveness of the technique (by 
using logarithmic subtraction algorithm) in the removal of non-uniformities in the 
background, to highlight the distribution of the contrast agent.
Figure 4-7 also shows the iodine component and the water component of the 
image as obtained with the dual energy algorithm with integration band of 5 keV. In 
the “iodine equivalent” image, only iodine in the tube is visible, while all the other 
background information have been removed and for the “water equivalent” image, it 
provide the background information such as the tube wall, water component of the 
solution and the cluttered background of the phantom.
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The “iodine equivalent” image (d), obtained from dual energy algorithm shows 
greater visibility of the detail than the image obtained by integrating the whole 
spectrum (a). The increase in visibility of the detail in the “iodine equivalent” image 
(d) also proved the effectiveness of the technique in the removal of non-uniformities 
in the background, to highlight the detail.
4.5.2 Effect of integrating different energy band width
Logarithmic subtraction algorithm Dual-energy algorithm
(c)
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*The image is part (with the dimension of 20 mm x 20 mm) of the 3 mm tube on the test 
object.
Figure 4-8: (i) Log-subtracted images and (ii) “Iodine equivalent images” of the 3-mm tube containing 
iodine-based contrast agent with an effective concentration of 150 mg iodine/ml; the integration band 
width for the images below and above the iodine K-edge are: (a) 0.5 keV; (b) 1 keV; (c) 2 keV; (d) 3 
keV; (e) 5 keV; (f) 7 keV; (g) 10 keV.
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Energy bands of 0.5 keV, 1 keV, 2 keV, 3 keV, 5 keV, 7 keV and 10 keV were 
chosen, below and above the iodine K-edge (33.2 keV), respectively.
The spectral components within each one of the two energy bands were 
integrated pixel by pixel, to form a low-energy image and a high-energy image, 
respectively. Then the two images were combined to form a log-subtracted image 
using equation (3.5).
Next, by applying the dual energy algorithm, an “iodine equivalent” image and 
a “water equivalent” image were obtained from each pair of low-energy and high- 
energy images for different energy band widths.
Figure 4.9 shows the CNR as a function of energy band width for the log- 
subtraction.
1 mm
2 mm
3 mm
60
0 2 4 6 8 10
Energy band width (keV)
Figure 4-9: Contrast-to-noise ratio as a function of energy band width for the data shown in Figure 4- 
8 (log-subtraction); standard deviations (of the values) are represented as error bars.
In the case of log-subtraction, Figure 4-9 shows the optimum energy band to 
ensure maximum contrast-to-noise ratio is between 2 keV and 5 keV. This optimum
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band width is optimised for this detector (in particular with its associated energy 
resolution).
The optimal integration band results from a compromise between high 
contrast, achieved with narrow integration bands, and low statistical noise, achieved 
with wide bands. As discussed in Chapter 3, images obtained with narrower energy 
bands, although ensuring maximum contrast by exploiting the maximum difference in 
the iodine absorption coefficient below and above the K-edge, have significantly 
higher noise because they feature lower statistics. On the contrary, a wide energy 
band ensures high statistics, and hence lower noise but is affected by a strong 
decrease in contrast.
As also discussed in Chapter 3, the contrast is the higher the closer the two 
integration bands are, so that the maximum difference in the iodine absorption 
coefficients below and above the K-edge is fully exploited, and in the case of log- 
subtraction, when the average energies of the two bands are close to each other, the 
variation between the attenuation of the background at the two energies is negligible 
so that the structural noise arise from the background structures are effectively 
removed from the iodine image.
Figure 4.10 shows the CNR as a function of energy band width for the dual­
energy.
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Figure 4-10: Contrast-to-noise ratio as a function of energy band width for the data shown in Figure 
4-8 (dual-energy); standard deviations (of the values) are represented as error bars.
In the case of dual-energy, Figure 4-10 shows the optimum energy band to 
ensure maximum contrast-to-noise ratio is between 1 keV and 5 keV. This optimum 
band width is optimised for this detector (in particular with its associated energy 
resolution).
For dual energy, it doesn't rely specifically on the presence of a K-edge, but 
on the presence of sufficient variations in the attenuation coefficients of the two 
materials, iodine and water (representing the all other background materials) at the 
two energies on the two sides of the iodine K-edge. Therefore, this algorithm is less 
reliant on the choice of narrow and close to each other integration bands.
As a result, the dependence of CNR upon the integration band width is less 
evident. The decrease in CNR for wider bands results mostly from increased 
structural noise. Figure 4.11 shows the increase in structural noise in the “water 
equivalent” image as the band width increases. The “water equivalent” images below 
provide the background information such as the tube wall, water component of the 
solution and the cluttered background of the phantom.
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20 mm) of the 3 mm tube on the test object.
Figure 4-11: “Water equivalent images” of the 3-mm tube containing iodine-based contrast agent with 
an effective concentration of 150 mg iodine/ml; the integration band width for the images below and 
above the iodine K-edge are: (a) 0.5 keV; (b) 1 keV; (c) 2 keV; (d) 3 keV; (e) 5 keV; (f) 7 keV; (g) 10 
keV.
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Figure 4-12: Comparison of the contrast-to-noise ratio measured for the (a) 3-mm tube; (b) 2-mm 
tube; (c) 1-mm tube; as a function of the integration bandwidth for the two algorithms. Comparison 
between the data shown in Figure 4-9 and Figure 4-10; standard deviations (of the values) are 
represented as error bars.
Figure 4-12 shows comparison of the contrast-to-noise ratio for different detail 
sizes (the 3-mm, 2-mm and 1-mm tubes) as a function of the integration band 
widths, measured on image obtained with the two subtraction algorithms. All plots for 
dual energy have maxima between 1 keV and 5 keV, and all plots for log-subtraction 
have maxima between 2 keV and 5 keV. As mentioned before, in the case of log- 
subtraction, the optimal integration band results from a compromise between high 
contrast, achieved with narrow bands, and low statistical noise, achieved with wide 
integration bands. In the case of dual-energy, choosing the energies close to the K-
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edge is less stringent condition; therefore, there is a less apparent dependence upon 
the integration band width.
It is apparent from the plots that the dual energy algorithm performs 
consistently better than logarithmic subtraction. This is due to the reasons; firstly, as 
the dual energy algorithm is less reliant on the selection of two integration bands that 
are close to each other to exploit the maximum difference in the attenuation 
coefficients of iodine on the two sides of the K-edge; therefore, the dual energy 
algorithm is less affected by the drop in contrast resulting from the use of broader 
bands, for which the difference in the attenuation coefficient of iodine decreases.
Secondly, as the dual energy algorithm is not relies on the assumption about 
the attenuation coefficients of the background material; therefore, the dual energy 
algorithm is not affected by the choice of narrow and close to each other integration 
bands.
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4.5.3 Effect of contrast agent concentration
Logarithmic subtraction algorithm Dual-energy algorithm
(a)
(b)
(c)
(d)
*The image is part (with the dimension of 20 m m  x  20 m m ) of the 2 mm tube on the test 
object.
Figure 4-13: (i) Log-subtracted images and (ii) “Iodine equivalent images” of the 2-mm tube 
containing iodine-based contrast agent with an effective concentration of: (a) 150 mg iodine/ml; (b)
100 mg iodine/ml; (c) 75 mg iodine/ml; (d) 50 mg iodine/ml; obtained using a 5-keV wide energy band.
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In the case of both log-subtraction and dual-energy, an energy band of 5 keV 
was chosen to integrate the transmitted X-ray spectrum, below and above the iodine 
K-edge (33.2 keV), respectively, for the tube containing different amounts of iodine 
concentration. This is because from the results on integrating different energy band 
width, the optimum energy band to ensure maximum contrast-to-noise ratio achieved 
is between 2 keV and 5 keV for log-subtraction (with maximum CNR value around 5 
keV), and between 1 keV and 5 keV for dual-energy (with the CNR values almost 
similar for all 1 keV, 2 keV, 3 keV and 5 keV bands). To make the results 
comparable for both log-subtraction and dual-energy, 5 keV integration band was 
chosen.
The spectral components within the two energy bands (5 keV integration 
band) were integrated pixel by pixel, to form a low-energy image and a high-energy 
image, respectively. Then the two images were combined to form a log-subtracted 
image using equation (3.5),
Next, by applying the dual energy algorithm, an “iodine equivalent” image and 
a “water equivalent” image were obtained from the pair of low-energy and high- 
energy images for different iodine concentration.
Figure 4.14 below shows the CNR as a function of iodine concentration in the 
case of log-subtraction and the following Figure 4.15 shows the CNR as a function of 
iodine concentration in the case of dual-energy. Both figures shows linear fit to the 
data for the CNR as a function of concentration. As in Chapter 3, a linear behaviour 
is expected due to equation (3.5).
Page 120 of 183
Contrast Agent Mammography Using Spectroscopic Detectors
♦ 1 mm 
■ 2 mm
a 3 mm 
—  Linear (1 mm) 
— Linear (2 mm) 
— Linear (3 mm)
100
z
o 4 0
0 5 0 100 150
Effective concentration (mg iodine/ml)
Figure 4-14: Contrast-to-noise ratio as a function of effective iodine concentration for the data shown 
in Figure 4-13 (log-subtraction). The lines show linear fits to the data; standard deviations (of the 
values) are represented as error bars.
♦ 1mm
■ 2mm
200 a 3mm
—  Linear (1mm)
—  Linear (2mm)
—  Linear (3mm)150 -
oc 100 -
5 0  -
0 50 100 150
Effective concentration (mg iodine/ml)
Figure 4-15: Contrast-to-noise ratio as a function of effective iodine concentration for the data shown 
in Figure 4.13 (dual-energy). The lines show linear fits to the data; standard deviations (of the values) 
are represented as error bars.
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In both cases of log-subtraction and dual-energy, Figure 4-14 and Figure 4-15 
show that as expected, a decrease in contrast-to-noise-ratio is observed when 
reducing from the 150 mg iodine/ml concentration down to the 50 mg iodine/ml. This 
is because reduced in iodine concentration in the solution that contributes to photons 
attenuation decreases the CNR (visibility of tubes).
The CNR as a function of iodine concentration is compared between both 
cases as shown in Figure 4.16. From the results in Figure 4.16, it is apparent from 
the plots that the dual energy algorithm performs consistently better than logarithmic 
subtraction.
a Log-subtraction 
a Dual-energy
 Linear (Log-subtraction)
 Linear (Dual-energy)
200
150 - 3-mm
an 100 -
50  -
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o
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------
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Figure 4-16: Comparison of the contrast-to-noise ratio measured for the (a) 3-mm tube; (b) 2-mm 
tube; (c) 1-mm tube; as a function of the effective iodine concentration for the two algorithms. 
Comparison between the data shown in Figure 4-14 and Figure 4-15. The lines show linear fits to the 
data; standard deviations (of the values) are represented as error bars.
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However, in both cases of log-subtraction and dual-energy, the result shows 
that the CNR ratio obtained doesn't match with what is expected from the 
concentration ratio. From the results, in most cases, the CNR ratios are higher than 
the concentration ratios. Here, the concentration ratio is defined as the ratio of the 
diluted contrast agent concentration to its original concentration of 150 mg iodine/ml. 
The CNR ratio is defined as the ratio of the CNR value obtained with the diluted 
concentration to the CNR value obtained with the 150 mg iodine/ml concentration.
Here, the expected reduction ratios were calculated based on theoretical 
values of the contrast agent concentration. Reduction ratios from measurements 
would be different due to concentration error occurred during the process of dilution 
and the chemical reaction of the contrast agent when added with distilled water.
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4.5.4 Effect of entrance surface dose
Logarithmic subtraction algorithm Dual-energy algorithm
Page 124 of 183
Contrast Agent Mammography Using Spectroscopic Detectors
(f)
*The image is part (with the dimension of 20 mm x 20 mm) of the 3 mm tube on the test 
object.
Figure 4-17: (i) Log-subtracted images and (ii) “Iodine equivalent images” of the 3-mm tube 
containing iodine-based contrast agent with an effective concentration of 150 mg iodine/ml; the 
entrance surface dose to the phantom are: (a) 160 pGy; (b) 128 pGy; (c) 96 pGy; (d) 64 pGy; (e) 32 
pGy; (f) 16 pGy; obtained using a 5-keV wide energy band width.
Here, for both cases of log-subtraction and dual-energy, an energy band of 5 
keV was chosen to integrate the transmitted X-ray spectrum, below and above the 
iodine K-edge (33.2 keV), respectively, for the tube containing different amounts of 
iodine concentration, for different entrance surface dose to the phantom. The reason 
why 5 keV integration band was chosen has been explained in the previous 
subsection 4.5.3.
Similarly, the spectral components within the two energy bands (5 keV 
integration band) were integrated pixel by pixel, to form a low-energy image and a 
high-energy image, respectively. Then the two images were combined to form a log- 
subtracted image using equation (3.5).
Next, by applying the dual energy algorithm, an “iodine equivalent” image and 
a “water equivalent” image were obtained from the pair of low-energy and high- 
energy images for different entrance surface dose.
The phantom entrance surface dose (BSD) was measured using an ion 
chamber (Farmer Dosemeter 2670A). In order to avoid loss of linearity at high 
photon fluxes (saturation), that would have affected image contrasts, different 
statistics were achieved by keeping the tube current constant and altering the
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integration time. For a single exposure of 2 minutes, the average BSD to the 
phantom is 16.0±0.1 juGy. The exposure rates were calculated at 65 cm which is a 
common focus-skin distance in mammography.
Figure 4.18 below shows the CNR as a function of entrance surface dose in 
the case of log-subtraction and the following Figure 4.19 shows the CNR as a 
function of entrance surface dose in the case of dual-energy. Quantum noise could 
be reduced with longer exposure, where better CNR could be achieved with higher 
statistics. However in terms of clinical practicality, it would contribute to higher dose 
to the patient. There is a limit to this where increasing the exposure time would not 
further increase the CNR as the CNR is also limited by the anatomical noise.
a 150 mg iodine/ml
100 mg iodine/ml 
75 mg iodine/ml 
50 mg iodine/ml
200 i
1 5 0  -
100 -
f — !
5 0  -
0 5 0 10 0 1 5 0 200
Entrance surface dose (fiGy)
Figure 4-18: Contrast-to-noise ratio as a function of entrance surface dose for the data shown in 
Figure 4-17 (log-subtraction). The curve shape shows power fits to the data; standard deviations (of 
the values) are represented as error bars.
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Figure 4-19: Contrast-to-noise ratio as a function of entrance surface dose for the data shown in 
Figure 4-17 (dual-energy). The curve shape shows power fits to the data; standard deviations (of the 
values) are represented as error bars.
Figure 4.18 and Figure 4.19 show power fits to the data for the CNR as a 
function of entrance surface dose. Similar to Chapter 3, as CNR a  s!Dose (Iniewski 
2011), fitting function should be in the power of 0.50, and from both figures, it is 
shown that the fitting function is in the power of 0.20-0.30±0.01 for the log- 
subtraction and 0.10-0.20±0.01 for the dual-energy. The reason for the deviation 
might be saturation in the response as a result of the charge carrier transport 
difficulties for larger (80 x 80 pixel array) CdTe detector used in this study.
In both cases of log-subtraction and dual-energy, the results in both plots 
show that in general, a decrease in contrast-to-noise-ratio is observed when 
reducing from the 160 pGy dose down to the 16 pGy.
The CNR as a function of entrance surface dose is compared between both 
cases and it is also apparent from the plots that the dual energy algorithm performs
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consistently better than logarithmic subtraction (with dual energy algorithm produces 
~1.5-fold better CNR than logarithmic subtraction).
4.6 Comparison with Conventional Digital Mammography Unit with a Flat Panel 
Detector
To show the potential benefit of dual energy imaging with a spectroscopic 
pixellated CdTe detector compared to conventional absorption imaging, the breast 
phantom was imaged using a conventional digital mammography unit. The digital 
images obtained with the mammography unit were compared with the dual energy 
images in terms of contrast-to-noise ratio.
Both systems used for this work have different detector technology where the 
dual energy work used a semiconductor based direct conversion photon-counting 
system and the mammography unit used a charge integrating direct conversion 
amorphous selenium (a-Se) based detector.
Several works (Iwanczyk et al. 2009), (Shikhaliev, Fritz & Chapman 2009), 
(Shikhaliev, Fritz 2011) mentioned about the advantages of the first type of systems 
compared to the latter. But since the development of detector technology for photon 
counting in X-ray imaging is still underway to improve and the potential clinical 
applications for dual energy imaging is still under investigations, conventional digital 
mammography is still considered as the standard for radiographic imaging of the 
breasts with respect to both screening and clinical indications.
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4.6.1 Experimental setup
The images were acquired with a full-field digital mammography unit (Hologic 
Selenia Dimensions; Hologic Inc., Bedford, Massachusetts, USA) with an amorphous 
selenium flat panel detector, at the Jarvis Breast Screening Centre in Guildford.
Picture 4-3: The full-field digital mammography unit with an amorphous selenium (a-Se) flat panel 
detector: (a) experimental setup; (b) the custom-made breast phantom containing iodine-based 
contrast agent was exposed for different mAs.
The phantom was exposed in full automatic mode (Automatic Exposure 
Control, AEC mode) and in manual exposure modes for different mAs. Automatic 
mode automatically setup the tube voltage at 29 kVp and exposure at 109 mAs, with 
W anode and Rh filter. Therefore for the manual mode, the X-ray source was 
operated at 29 kVp and different mAs; 100 mAs, 67.5 mAs, 50 mAs, 32.5 mAs, 22 
mAs, 14 mAs, 10 mAs, 7 mAs, 5 mAs and 4 mAs, with the same anode and filter for 
two different iodine concentrations (150 mg iodine/ml and 50 mg iodine/ml). mAs is 
the product of tube current and exposure time. mAs is primarily responsible for the 
quantity of X-rays produced during an exposure.
The entrance surface doses and average glandular doses were automatically 
calculated by the system from the technique factors (anode/filter combination, kVp
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and mAs values) chosen by the AEC and from the technique factors that has been 
chosen manually.
4.6.2 Quantitative analysis
Image processing and analysis software, Image J, was used to determine the 
mean pixel value and standard deviation of pixel value of the region of interest (ROI). 
Profiles across the region of interest were plotted, and CNR values were calculated 
using equation (3.7) as defined in Chapter 3.
4.6.3 Results and discussions
1 1
(a) (b)
(c) (d)
Figure 4-20: Digital images of the 3-mm, 2-mm and 1-mm tubes containing iodine-based contrast 
agent with an effective concentration of 150 mg iodine/ml; the entrance surface dose to the phantom 
are: (a) 3.86 mGy; (b) 1.92 mGy; (c) 0.54 mGy; (d) 0.27 mGy.
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Automatic exposure control (AEG) is an important feature in full field digital 
mammography system. It enables consistently optimal image exposure (the choice 
of kVp, mAs, anode-filter combination) despite variations in tissue density and 
thickness, and user skill level.
In Figure 4-20, the digital images were obtained by using different exposures 
(mAs), but using the same of other exposure parameters (kVp, anode-filter 
combination) as automatically set-up by the system when using the automatic mode. 
In this case, the exposure parameters were selected manually rather than using the 
automatic mode to investigate the effect of reducing the mAs (and hence the effect 
of reducing entrance surface doses to the phantom). The results show the visibility 
(contrast-to-noise-ratio) in the digital images decreased as the mAs decreases.
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Figure 4.21 below shows the profiles obtained across the digital images 
shown in Figure 4.20.
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Figure 4-21: Profiles obtained across the digital images for different entrance surface doses. 
Comparison between the profiles across the 3-mm, 2-mm and 1-mm tubes containing iodine-based 
contrast agent with an effective concentration of 150 mg iodine/ml; the entrance surface dose to the 
phantom are: (a) 3.86 mGy; (b) 1.92 mGy; (c) 0.54 mGy; (d) 0.27 mGy.
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Figure 4.22 below shows the CNR as a function of entrance surface dose for 
all exposures (mAs) used.
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Figure 4-22: Contrast-to-noise ratio as a function of entrance surface dose for the digital images; the 
effective concentration in the 3-mm, 2-mm and 1-mm tubes are: (a) 150 mg iodine/ml; (b) 50 mg 
iodine/ml. The curve shape shows power fits to the data; standard deviations (of the values) are 
represented as error bars.
Figure 4.22 shows power fits to the data for the CNR as a function of entrance 
surface dose. Similar to Chapter 3 and earlier part of Chapter 4, as CNR a 
^Dose (Iniewski 2011), fitting function should be in the power of 0.50, and from the 
figure, it is shown that the fitting function is in the power of 0.07-0.20±0.01 for the 
150 mg iodine/ml concentration and O.O1-O.2O±O.O1 for the 50 mg iodine/ml 
concentration. The plots show that in general, a decrease in contrast-to-noise-ratio is 
observed when the entrance surface dose is reduced, for both iodine concentrations.
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Effective
concentration
(mg iodine/ml)
150 160.0 ±3 .8  206.0 ±3 .2  21.0 ±2 .4
50 64.0 ±1 .3  110.0 ±1 .5  14.0 ±0 .2
Table 4-1: Contrast-to-noise ratio for entrance surface doses between 150 pGy to 220 pGy for the 3-
mm tube containing iodine-based contrast agent with an effective concentration of 150 mg iodine/ml 
and 50 mg iodine/ml. Comparison between the contrast-to-noise ratio for the (a) 80 x 80 pixel array 
CdTe (Acrorad) detector (for the log-subtraction and dual-energy); and (b) mammographie unit.
Table 4-1 shows higher CNR values is obtained (for both 150 mg iodine/ml 
and 50 mg iodine/ml concentrations) with the pixellated detector, using both
logarithmic subtraction and dual energy algorithm in comparison to the CNR values 
obtained with a standard detector from the mammographie unit.
The entrance surface dose values were given automatically by the 
mammographie system depending on the exposure (mAS) used. Therefore, the 
nearest similar entrance surface dose (BSD) to the phantom achieved for 
comparison is 150 jnGy (MGD 59.0 \iGy) for the pixellated detector, and 160 pGy 
(MGD 63.0 pGy) and 220 pGy (MGD 87.0 pGy) for the standard detector; for 150 mg 
iodine/ml and 50 mg iodine/ml concentration, respectively.
Using these nearest similar BSD values, a conclusion can be made that the 
dual energy technique used in this study is able to produce images with CNR values 
comparable to the values obtained with a mammographie unit with a much lower 
dose to the patient.
The conclusion for this chapter is that from the work on larger-size 
position-sensitive spectroscopic CdTe detector and a breast phantom simulating
CNR- CNR-
Pixellated detector ..Mammographie
(80 x 80 pixel array CdTe) unjt
Log-subtraction Dual energy 
algorithm algorithm
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breast structures (with a non-uniform background), the results show the capability of 
both image subtraction algorithms: logarithmic subtraction and dual-energy linear 
combination to remove the background information to enhance the visibility of 
details. The results also show that dual-energy algorithm performs better than 
logaritmic subtration in terms of both contrast improvement and structural noise 
reduction in the iodine image, due to less restriction on the selection of two 
integration bands below and above the iodine K-edge that are narrow and close to 
each other. By comparison to the images obtained with a mammography unit, the 
potential benefit of K-edge subtraction technique compared to the conventional 
absorption imaging is confirm with K-edge subtraction technique producing images 
with higher CNR for similar dose.
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Chapter 5
5. Application to Real-Case Scenarios
5.1 Introduction
In this chapter, an experimental study was carried out to determine how low a 
concentration of iodine could be detected visually from subtracted images produced 
using both image subtraction algorithms: logarithmic subtraction and dual-energy 
linear combination. The work has been carried out with a different CdTe sensor from 
the previous one used in Chapter 4, and the same readout electronics.
In the dynamic study, the custom-made breast phantom used in Chapter 4 is 
modified into a dynamic breast phantom, where the test object superimposed to the 
PMMA box is replaced by a coil of plastic tubing 1.05 mm in internal diameter, and 
iodine-based contrast agent was to be made flow through the tubing where the build­
up images of the iodine will be recorded. The flow of the contrast agent in the tubing 
is simulated using a syringe pump at a rate of 0.02 ml/s. This is the best flow rate 
possible with the volume needed to move the solution in the tubing for a distance of 
1 mm, viable for iodine build-up to be seen. This experiment uses an open flow 
circulation. The task is analogous to the task of performing dynamic studies of the 
contrast agent uptake and washout in breast lesions.
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A concentration of contrast agent of 4.0-4.2 mg/cm2 has been used in 
this study. In their work, Jong et al. 2003 (Jong et al. 2003a) reported projected 
iodine concentration of up to 4 mg/cm2 in malignant and benign masses in the 
subtracted images of breast.
In this chapter, contrast agent concentrations in terms of the 
thicknesses of contrast agent solutions (area densities of iodine inside the container) 
in mg/cm2 are calculated so as to provide iodine concentrations which are 
comparable to the values used in several works on dual-energy contrast-enhanced 
digital subtraction mammography in clinical setting (Jong et al. 2003a), (Lewin et al. 
2003). The area densities of iodine inside the container in mg/cm2 are calculated by 
multiplying the concentration in mg/ml (= mg/cm3) by the thickness of the tube 
(length of photon transmission). Table 5-1 below shows the iodine area densities 
used in the static breast phantom study previously (Chapter 4) and the iodine area 
densities used for work in this chapter. From this table, a comparison of how low the 
iodine concentrations used in this chapter to the concentrations used previously can 
be made.
Concentration Concentration (mg iodine/cm2)
(mg iodine/ml) 3-mm tube 2-mm tube 1-mm tube/
*1.05-mm
tubing
150 45.0 30.0 15.0
100 30.0 20.0 10.0
75 22.5 15.0 7.5
50 15.0 10.0 5.0
40 - - 4.0
*4.2
Table 5-1: The iodine area densities inside the cylindrical tubes used in the static breast phantom 
study previously (Chapter 4) and the iodine area densities inside the 1-mm tube and the coil of plastic 
tubing used in this chapter.
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5.2 Experimental setup
The experimental setup comprised of the W-anode X-ray source (Hamamatsu 
Open Type Microfocus X-Ray Source L8321 Series) used for the previous work in 
Chapter 3, a pixellated spectroscopic (energy-resolving) Cadmium Telluride detector, 
and a custom-made dynamic breast phantom containing lower concentration of 
iodine-based contrast agent.
Dynamic breast 
phantom . 80 x 80 pixel array CdTe 
(Acrorad) detector
Syringe pump
Picture 5-1: Pixellated spectroscopic CdTe (Acrorad) detector: experimental setup showing the open 
flow circulation; the custom-made dynamic breast phantom containing iodine-based contrast agent 
was scanned in front of the detector.
Picture 5-1 shows the experimental setup of this work. The phantom was 
placed at 65.0 cm from the X-ray source (source-to-surface distance, SSD), and the 
detector was placed at 75.0 cm from the source (source-to-image distance, SID). 
The X-ray source was operated at 50 kVp and 10 pA; the beam was filtered with 3 
mm Al.
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The detector used was a different 80 x 80 pixel array Cadmium Telluride 
(Acrorad) with 250 x 250 pm2 pixels, for a total active area of 2.0 x 2.0 cm2, 1 mm 
thick and equipped with the same readout electronics.
The detector was biased at -300 V and held at a constant temperature of 12° 
C throughout the exposure. To avoid polarisation the bias was refreshed to 0 V for 2 
second once every 30 seconds. The choice of -300 V as opposed to -500 V used for 
the previous sensor was dictated by the need of limiting the leakage current which 
was higher with the present device.
5.2.1 Detector characterisation
5.2.1.1 Dose rate response
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Figure 5-1: Dose rate response at 50 kVp for the (a) 80 x 80 pixel array CdTe (Acrorad) detector 
used in this chapter (b) 80 x 80 pixel array CdTe (Acrorad) detector used in Chapter 4; standard 
deviations (of the values) are represented as error bars.
Dose rate response for the detector was measured to check for saturation in 
the readout electronics. Figure 5.1 shows that at the same tube voltage (50 kVp), 
and using the same source-to-image distance, SID, the photon flux is higher for the 
measurement in Chapter 4. With the higher flux, the intensity became saturated as
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the entrance surface dose (pGy/min) to the detector increases causing the detector 
in Chapter 4 to behave in the paralyzable way at 50 kVp. With lower count rate for 
the measurement in this chapter, the response of the detector used in this chapter is 
almost linear at 50 kVp.
Therefore, work for this chapter can be done with a higher tube current (10 
pA) as opposed to 2 pA used for the previous detector in Chapter 4.
5.2.1.2 Energy calibration
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Figure 5-2: Energy calibration for the 80 x 80 pixel array CdTe (Acrorad) detector (1 
channel=0.28±0.02 keV). The lines show linear fits to the data; standard deviations (of the values) are 
represented as error bars.
Energy calibration for this 80 x 80 pixel array CdTe (Acrorad) detector was 
done using a VEX source as described in Chapter 3.
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The results give 1 channel=0.28±0.02 keV for the 80 x 80 pixel array CdTe 
(Acrorad) detector used in this chapter.
Figure 5-3 below shows examples of the spectra obtained with this detector. 
These spectra are the whole-detector spectra.
E
3
Z
Channel number Channel number
(a)
Channel number
(b)
Channel number
(c) (d)
Figure 5-3: Examples of the spectra obtained with the 80 x 80 pixel array CdTe (Acrorad) detector 
using X-ray fluorescence peaks for: (a) Tb; (b) Ba; (c) Ag; (d) Mo.
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5.2.1.3 Energy resolution
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Figure 5-4: Energy resolution for the 80 x 80 pixel array CdTe (Acrorad) detector. The lines show 
linear fits to the data; standard deviations (of the values) are represented as error bars.
Calculation for energy resolution was obtained using the same X-ray spectra 
used for energy calibration, with X-ray fluorescence peaks for Tb, Ba, Ag and Mo.
The result gives an average energy resolution=5.20±0.02% for the 80 x 80 
pixel array CdTe (Acrorad) detector used in this chapter. The energy resolution for 
this detector was calculated using equation (3.1) as described in Chapter 3.
The average energy resolution for the 80 x 80 pixel array CdTe (Acrorad) 
detector used in Chapter 4 is 6.20±0.04%, where from the result it shows the 
detector used in this chapter has a better energy resolution than the detector used in 
Chapter 4.
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5.3 Theoretical considerations
Xbg
 ^ Xtube
tube
2
Figure 5-5: Schematic diagram of the custom-made breast phantom from top view. The diagram 
shows the PMMA box superimposed with the custom-built test object showing only the 1-mm
cylindrical tube. x bg is the thickness of the background, which is the thickness of the PMMA box, x tube 
is the thickness of the tube wall (plastic), and X j is the thickness of the iodine in the tube.
In this section, the typical exposure needed to ensure visibility of the detail 
above noise as a function of concentration and detail thickness will be calculated.
From equation (3.4), the log-subtracted signal at a point is
In this study, I^g is used instead of I q . I q was not measured because it is 
not possible to remove the phantom for I q measurement and later to keep the 
experiment setup the same as before. Therefore, I hg is used instead of I q , where 
Ijjg is the average sum of intensity of all pixels associated to the background region
SUBd =  In ^  - I n  —
\  d J  V d  /
obtained during imaging. In addition, ~  is the same in the two images if the
1^0 J
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assumption that the attenuation coefficient of background does not vary significantly 
on the two sides of the K-edge holds.
Thus, the log-subtracted signal at a point can be rewritten as
r j  \ hizh
SUBd =\n bg - I n
r t \ low
bg
(5.1)
The signal intensities transmitted behind a detail of thickness (xtube +  xj) and 
a background of thickness Xbg can be written as
h g =   (5.2)
........................................... (5.3)
where iQ is the average entrance (incident) photon intensity;
is the average sum of intensity of all pixels associated to the background 
region;
nh is the average attenuation coefficient of the background region; 
np is the attenuation coefficient of the tube wall (plastic); 
and fij is the attenuation coefficient of the iodine in the tube.
From equation (5.1), by defining
-^high
f  j  \h ig h
\ 4 y
RUm =
r j  \ low
\ 4 y
, and
L m  =  ln ( R p h , L,ow =  ln(7?)to“
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one obtains
L =  MpXlube+ ^ ,X , ................................................................... (5.4)
Therefore, equation (5.1) can be rewritten as
SUBd =  (5.5)
For a sufficiently small energy separation (gap) (low and high-energy are very 
close to each other, (see Figure 3-16), the attenuation coefficient of the background 
can be assumed to be nearly constant below and above the K-edge (this doesn't 
apply to wider energy windows, for which this assumption doesn’t hold), the term
fapxtube)hlgh ~{vpxtubef°W wil1 cancel and the log-subtracted image has no
dependence upon the background, and is entire depending on the contrast agent. 
Equation (5.5) can be rewritten as
SUBd = O i , * , ) * * - ( / W ™  = (iU?gh - r f n x ,  ..............(5.6)
Assuming that the energy gap between the two images is sufficiently small, 
SUBbg should be distributed around 0.
Intensity
SUB,
iMAfA— ► P/xe/ position
Figure 5-6: Profile of the signal obtained across the subtracted image where the ideal signal 
is obtained when SUBtg^ ) .
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From error propagation and from the above deflations
AL = —AR 
R (5.7)
AL =
AR
R
/A T  YAIbg
V b^s J
+ (5.8)
AL =
)
+
i bg
(5.9)
The assumption 1 ^  =1^ holds if the attenuation in the detail is sufficiently
small. Considering the low concentrations involved, this was deemed acceptable for 
the purpose of error propagation.
Thus, equation (5.6) can be rewritten as
ASUBd = 2 2jh ig h 1 (5.10)
And for I ^ 1 = Rl^ g , equation (5.10) can be rewritten as
....................................................... (5.11)
is a constant that depends upon the spectral shape and the width of the 
integration band but not upon the incident intensity.
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From equation (5.6) SUBd = (iiI xI ) htgh -  (fjjXj ) low, therefore
ASUB
SUB.
d _
\
—  1+1 x 1
1 /  V K  * (5.12)
Calculation of u i  as a function of concentration
ix
(a) In a solution or mixture, the mass attenuation coefficient, — , is given by
kP j
= wsolute
solution
+  wsolvent
solute solvent
(5.13)
where
v P /solution
is the mass attenuation coefficient of a solution;
^P /  solute
is the mass attenuation coefficient of the solute;
\P  J solvent
is the mass attenuation coefficient of the solvent;
wso lu te 's mass fraction of the solute;
and wsoivent is the mass fraction of the solvent.
In this case, the solute is iodine and the solvent is unknown.
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(b) The equivalent thickness of iodine, can be written as
V ^ t u b e  J
= volume fraction o f  iodine (5.14)
where
The volume fraction of iodine can also be defined as
Volume (iodine) = mass (iodine) x density (solution) 
Volume (solution) density (iodine) mass (solution)
Volume iodine = mass fraction (iodine) x density (solution) 
Volume (solution) density (iodine)
Mass fraction (iodine), w^me = mass (iodine)
mass (iodine) + mass (solvent)
Mass fraction (solvent), wsoivent = 1 - mass fraction (iodine)
The density of the solution as a function of concentration was obtained by 
measuring the mass of known volumes of solution. The mass (g) of known volumes 
(cm3) of iodinated contrast agent solution was measured using a digital scale for 
different iodine concentrations. Then the graph of the mass versus the volume for 
each of the concentration was plotted.
Figure 5.7 below shows the plots for mass versus volume for different 
concentrations of the solution. The plots show linear fits to the data for the mass as a 
function of volume, where the slope is the density of the solution obtained by 
measurement.
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Figure 5-7: The measurement values for density of the solution for iodine-based contrast agent with 
an effective concentration of: (a) 150 mg iodine/ml; (b) 100 mg iodine/ml; (c) 75 mg iodine/ml; (d) 50 
mg iodine/ml. The lines show linear fits to the data; standard deviations (of the values) are 
represented as error bars.
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Table 5.2 shows the calculated values for mass of iodine, and mass fraction 
of iodine and solvent using the measurement values for density of the solution. For a 
volume of 1 (unit)3, density (solution)=mass (solution).
Effective 
concentration 
(mg iodine/ml)
Mass (iodine) 
(gram)
Mass (solution) 
(gram)
W  iodine Wsolvent
150 0.160 1.160 0.13 0.87
100 0.088 1.088 0.09 0.91
75 0.063 1.063 0.07 0.93
50 0.038 1.038 0.05 0.95
Table 5-2: The calculated values for density of iodine, and mass fraction of iodine and solvent using 
the fit parameters values for density of the solution.
A relationship between solution mass and concentration was found by plotting 
the measurement values for the mass of the solution versus solution concentration. 
Figure 5.8 below shows this relationship. The plot shows linear fits to the data for the 
mass as a function of concentration, where the intercept of the straight line gives the 
density of the solution, 0.97 g/cm3 at concentration of zero. It is expected the density 
of the solution is 1 g/cm3 at zero iodine concentration (the nominal density of the 
solution if it only consists of water).
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Figure 5-8: The measurement values for mass (density) of the solution as a function of iodine 
concentration. The lines show linear fits to the data; standard deviations (of the values) are 
represented as error bars.
Using the linear fit equation
y  =  0 .0012x + 0.9721
The density of the solution for the iodine-based contrast agent with an 
effective concentration of 40 mg iodine/ml is 1.020 g, and the mass fraction of iodine 
and solvent is 0.0392 and 0.9608, respectively.
Calculation of target exposure for detail visibility.
For an iodine-based contrast agent with an effective concentration of 40 mg 
iodine/ml, from equation (5.14)
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V ^ tube J
= volume fraction o f  iodine
xj = x^e x volume fraction o f iodine
X ,  = ^ 6ex 0 . 0 3 9 2 x ^  =  X,„k  X 0.008
where density of iodine=4.93 g/cm3, density of solution=1.020 g/cm3 and 
mass fraction of iodine=O.O392.
And ioxXtube^  mm, equation (5.14) will be
^ / = ^ m6ex 0.008 =  (8x10 ^  )cm
K  was measured from a series of images of the filled PMMA box and was 
found to be 0.80 ± 0.08 for the spectrum used (50 kVp, 10 pA and 3 mm Al filtration).
Therefore, for equation (5.12)
ASUB±  = 
SUBd
2 ±  +  lx .  1
C  V K  {/uhlgh - M o J x ,
where -M io *),, $  = iMugh  (5. 15)
For integration band 5 keV, the average energy (centre of the integration 
band) below and above the K-edge, respectively are
E|qw=28.02 keV
Ehigh=35.55 keV
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An integration band of 5 keV was chosen based on the results on integrating 
different energy band width from previous chapters where the optimum energy band 
to ensure maximum contrast-to-noise ratio achieved is around 5 keV.
And by using X-Mudat (Nowotny 1998), the mass attenuation coefficient (p/p) 
(cm2/g) can be obtained for the average energy above. The values obtained are
(  \/ow
tL
K p )  i
=  1 0 .0 2 c w 2 /  g
Z \h ig h  
/£
\P J  i
= 29&2cm2 /  g
Therefore
{Piow)i ~  10.02cm2g  1 x A.93gem 3 =  49.4cm 1 
{phig^! -  29.82cm2g -1 x 4.93gcm“3 =  147.0cm"1
So, for equation (5.15)
f y  =  Wigh -  Afow), =  97.6COT"1
=>S = ( j ihigh - / / to„ ) / x/  =  91.6cnfl x (8 x l0 “4)cm =  0.08
Let us define a “target” signal
ASUB
SUB s  target
. Here S is the theoretical signal,
while SUBd is the image obtained from logarithmic subtraction of experimental data. 
And by rearranging equation (5.12)
K
+ 1 _________1_________  J_
X ( A S C / B , / S C / 5 , X S'target
 (5.16)
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It was decided that the relative fluctuation 
should be a maximum of 10%.
 ^ASUB^
f  Asm'\
ç,TTr> for object visibility
K *  U #  J  target
If =  0.1
/j°H = 70,313
So from the calculation above, the average photon intensity in the background 
region for the image below the K-edge, should be at least the order of 70,000-
71,000 counts for visibility of an object with iodine area density of 4.0 mg/cm2. Due to 
the better performance of the dual-energy algorithm in terms of CNR it was assumed 
that the more stringent conditions identified for log-subtraction would hold also for 
the dual-energy algorithm.
Therefore, in the experiment below, using the static breast phantom 
(consisting of the PMMA box, filled with acrylic spheres and olive oil, and 
superimposed with the test object) as used in Chapter 4, the calculation above are 
tested.
Page 154 of 183
Contrast Agent Mammography Using Spectroscopic Detectors
5.3.1 Results and discussions
5.3.1.1 Static measurements with 1-mm tube
Logarithmic subtraction algorithm Dual-energy algorithm
(a) (b)
*The image is part (with the dimension of 20 mm x 20 mm) of the 1 mm tube on 
the test object.
Figure 5-9: (a) Log-subtracted image and (ii) “Iodine equivalent image” of the 1-mm tube containing 
iodine-based contrast agent with an effective concentration of 4 mg iodine/cm2; the integration band 
width for the images below and above the iodine K-edge is 5 keV.
Figure 5.9 above shows the subtracted images for the detail, obtained based 
on the theoretical considerations discussed previously. The detail visibility is very 
poor with both algorithms. The results show poor detector performance over 
extended period of time (the system has poor ability to cope with higher rates).
In this experiment, the average photon intensity in the background region for 
the image below the K-edge, I l£g was increased to around 90,000 counts. The tube
current was kept constant at 10 pA to avoid saturation. In this experiment, each 
acquisition period was set to 24 s, and a total of 900 acquisitions were obtained, 
giving the total acquisition period of 6 hours (without the bias refresh time).
Using an ion chamber (Farmer Dosemeter 2670A), the phantom entrance 
surface dose (BSD) was measured. From the measurement, the average entrance 
surface dose was 90.0±0.1 pGy per minute for the tube voltage, tube current and 
filtration, and at the source-surface-distance (SSD) used. So, for the total exposure
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time of 6 hours (without the bias refresh time), the average entrance surface dose 
received was 32.4 mGy. The estimated mean glandular dose obtained using 
equation (2.9) is 12.7 mGy. The mean glandular dose received is too high compared 
to the average glandular dose delivered to a patient in a single projection of 
conventional screen-film mammographie examination which is ranging between 1-3 
mGy as mentioned in Skarpathiotakis et al. (2002) (Skarpathiotakis et al. 2002).
Here, an integration band of 5 keV was chosen for both log-subtraction and 
dual-energy cases, based on the results on integrating different energy band width 
from previous chapters where the optimum energy band to ensure maximum 
contrast-to-noise ratio achieved is around 5 keV.
In this experiment, the acquisition time and dose required to achieve the 
typical exposure needed to ensure visibility of an object with iodine area density of 4 
mg/cm2 are too long/high, which is not suitable for clinical use. The visibility of the 
detail in the log-subtraction image and the “iodine equivalent” image as shown in 
Figure 5.9 weren’t much improved either for a ten-fold increase in the dose.
5.4 Dynamic measurement with 1.05-mm tubing
5.4.1 Dynamic breast phantom
Picture 5-2: The custom-made dynamic breast phantom consisting of a PMMA box, filled with acrylic 
spheres and olive oil, and superimposed with a coil of plastic tubing 1.05 mm in internal diameter.
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The dynamic breast phantom is a modified version of the custom-made 
breast phantom used in Chapter 4, where the test object (the 6 mm thick PMMA 
slab, with cylindrical tubes 3 mm, 2 mm and 1 mm in diameter) was replaced by a 
coil of plastic tubing 1.05 mm in internal diameter.
Iodine-based contrast agent was to be made flow through the tubing with a 
lower concentration than the concentration used in Chapter 4. The iodine 
concentration used in this experiment is 4.2 mg/cm2, which is around the projected 
iodine concentration in malignant and benign masses in the subtracted images of 
breast as reported in Jong et al. 2003 work (Jong et al. 2003a). The projected iodine 
concentration is the estimated iodine concentration in the breast measured by 
calibrating the mean pixel value computed for the region of interest in the subtracted 
patient images by using a test object consisting of a slab of breast tissue-equivalent 
plastic that contained wells filled with varying concentrations of iodine-based contrast 
medium (Jong et al. 2003a).
The flow of the contrast agent in the tubing is simulated using a syringe pump 
at a rate of 0.02 ml/s. This experiment uses an open flow circulation. Several works 
have mentioned the injected flow rate used to perform dual-energy contrast- 
enhanced digital subtraction mammography in clinical setting. (Lewin et al. 2003) 
reported a contrast agent was injected at a flow rate between 4 and 5 ml/s and 
(Dromain et al. 2006) mentioned an injection was given at a flow rate of 3 ml/s. 
However, it was pointed out that the injection rate was governed by a subjective 
assessment of the quality of the venous access (Lewin et al. 2003).
However, for the model of the syringe pump used in this experiment, the 
maximum flow rate possible is 1.47 ml/s and therefore, the flow rate to be used for 
this study has to be adjusted to the value that will optimised the experimental 
method. In this experiment, 0.02 ml/s is the flow rate possible with the volume 
needed to move the solution in the tubing for a distance of 1 mm, viable for iodine 
build-up to be seen.
The uptake and washout patterns of the contrast material into and out of the 
lesion can only be investigated with acquisition of several post-injection images. In
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most published studies, about three to five post-contrast images are acquired at 
intervals of 1 minute (Diekmann, Bick 2007). The aim of this experiment is to be able 
to image with the timescale typical of an uptake-washout curve.
To investigate the feasibility of the dynamic measurements using this 
detector, each acquisition period was set to 24 s, and a total of 5 acquisitions were 
obtained for each iodine build-up position, giving the total acquisition period of 2 
minutes. The interval between acquisitions was 62 seconds (including the bias 
refresh time of 2 seconds).
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5.4.2 Results and discussions
5.4.2.1 Full-spectrum acquisition of iodine build-up
Bmm . " 5  mm 6 mm
(a) (b) (c)
m " v"
f c ;
s i.'*-
6 mm
(d) (e)
m “ x:
: ■
(f)
(9) (h) (i)
*The image is part (with the dimension of 20 mm x 20 mm) of the 1.05 mm 
tubing on the phantom.
Figure 5-10: Full-spectrum images of the 1.05-mm tubing containing iodine-based contrast agent with 
an effective iodine concentration of 4.2 mg/cm2, obtained by moving the solution in the tubing for a 
distance of 1 mm each time, viable for iodine build-up to be seen.
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Figure 5.10 shows that the iodine build-up in the 1.05-mm coil plastic tubing 
(containing iodine-based contrast agent with an iodine concentration of 4.2 mg/cm2) 
is visible in the full-spectrum images obtained with the short timescale which is 
compatible with the timescale of the uptake-washout curve in dynamic 
measurements. Image subtraction with both log-subtraction and dual-energy couldn’t 
work with dynamic measurements because of the statistics is much lower than the 
previous experiment (subsection 5.3.1.1).
In this experiment, the acquisition period was 2 minutes, with the phantom 
entrance surface dose received for the 2 minutes exposures was 180 pGy. The 
estimated mean glandular dose obtained using equation (2.9) is 70.7 pGy. The mean 
glandular dose received is far below the total radiation dose (mean glandular dose, 
MGD) delivered to a patient for the entire clinical dynamic examination with five post­
injection exposures which is between 1-3 mGy (also similar to the dose received in a 
single projection of conventional screen-film mammographie examination) 
(Skarpathiotakis et al. 2002).
As Figure 5.10 above shows that dynamic measurement works with full- 
spectrum acquisitions (integration of the whole spectrum), therefore, further dynamic 
measurements were tested for the full-spectrum acquisition with different timing.
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5 4.2.2 Full-spectrum acquisition with different timing
The results for the full-spectrum images with different timing is shown in 
Figure 5.11 below.
: v
(a) (b) (c)
*The image is part (with the dimension of 20 mm x 20 mm) of the 1.05 mm 
tubing on the phantom.
Figure 5-11: Full-spectrum images of the 1.05-mm tubing containing iodine-based contrast agent with 
an effective iodine concentration of 4.2 mg/cm2, obtained using: (a) 10 pA for 2 minutes; (b) 20 pA for 
1 minute; and (c) 40 pA for 30 seconds.
Figure 5.11 shows that the detail (1.05-mm coil plastic tubing containing 
iodine-based contrast agent with an iodine concentration of 4.2 mg/cm2) is visible in 
the full-spectrum images obtained with the different timing; 2 minutes, 1 minutes and 
30 seconds, respectively.
The conclusion for this chapter is, the results show that with full-spectrum 
acquisition, the dynamic measurements work for the detector used in this study. 
However, the dynamic measurements (with the same low iodine concentration and 
the same short acquisition time) do not work with the image subtraction because of 
the statistics is much lower than the average statistics needed to ensure visibility of 
an object with iodine area density of 4 mg/cm2 as calculated in the theoretical 
considerations. Image subtraction might not work for dynamic measurements at this 
time, but as the development of the detector is progressing to refine the 
performance, hopefully, image subtraction for dynamic measurements could be done 
in future.
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Chapter 6
6. Conclusion and Future Work
6.1 Conclusion
The aim of this research was to evaluate the feasibility of K-edge subtraction 
(KES) imaging, based on the use of position-sensitive spectroscopic detectors and of 
a polychromatic beam from a conventional X-ray source. This work proposes an 
alternative approach to the standard dual-energy imaging, which is typically 
implemented with a monochromatic X-ray source at synchrotron radiation facilities or 
with appropriately filtered conventional beams.
This study proposes an approach, using the spectroscopic information 
provided by the detector, allowing the selection of two arbitrary energy bands from 
the transmitted X-ray spectrum, below and above the K-edge, respectively to be 
integrated to form images below and above the K-edge. In this way, the two images 
required for K-edge subtraction can be acquired with a single exposure, thus the 
limitations of the standard dual-energy technique; double exposure to the patient and 
artifacts resulting from incorrect image registration due to patient movement can be 
removed. In addition, by allowing the selection of arbitrary energy bands from the 
transmitted X-ray spectrum, the maximum difference in the attenuation coefficient of 
the contrast agent below and above the K-edge can be fully exploited to allow for 
higher contrast to be achieved than that achieved with standard methods used for 
conventional sources. The use of a polychromatic beam from a conventional X-ray
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source in this approach offers better accessibility for clinical applications than a 
synchrotron-based technique.
The feasibility study was done in Chapter 3 and 4 using different test 
object/breast phantom and then in Chapter 5 the technique was evaluated for real 
case scenarios.
In first part of the preliminary work, experiment was done by using a single 
pixel spectroscopic CdTe detector (Amptek XR-100), with a conventional 
spectroscopic chain, and then, in the second part, the same experiment was done by 
using a pixellated (20 x 20 pixel array) spectroscopic CZT (Redlen) detector, and 
later on by using a pixellated (20 x 20 pixel array) CdTe (Acrorad) detector; both 
equipped with custom readout electronics. For all the detectors, the work was done 
by using a custom-build test object consisted of a uniform PMMA material; with 
different diameter details, and containing different iodine concentration.
For the pixellated detectors, by applying logarithmic subtraction algorithm to 
retrieve the contrast agent content (detail) in the background, the results in the form 
of log-subtracted images show greater visibility of the detail than the image obtained 
by integrating the whole spectrum (that simulating an image obtained with a non- 
spectroscopic detector). The increase in visibility of the detail in the log-subtracted 
images proved the capability of the technique to fully exploit the maximum difference 
in the attenuation coefficients of iodine on the two sides of the K-edge. The contrast 
is the higher the closer the bands are.
By investigating the effect of integrating different energy band width, the 
results show that log-subtracted images obtained by integrating narrow energy 
bands (integration band width between 0.5 keV and 5 keV) feature greater contrast 
than the log-subtracted images obtained by integrating wider energy bands (between 
7 kev and 10 keV integration band widths). Again, these results show the capability 
of the technique to fully exploit the maximum difference in the attenuation 
coefficients of iodine on the two sides of the K-edge, where the contrast is the higher 
the closer the bands are. This explained why the log-subtracted images for narrower 
energy bands have better contrast than the log-subtracted images for the wider
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bands. In the results, for the wider energy bands (7 keV and 10 keV integration band 
widths), the detail is poorly visible.
However, for the all detectors used in this chapter, there is an optimum 
energy band to ensure maximum contrast-to-noise ratio (CNR) for the resulting 
images. This is because the optimal integration band results from a compromise 
between high contrast, achieved with narrow integration bands, and low statistical 
noise, achieved with wide bands. Images obtained with narrower energy bands, 
although ensuring maximum contrast by exploiting the maximum difference in the 
iodine absorption coefficient below and above the K-edge, have significantly higher 
noise because they feature lower statistics. On the other hand, a wide energy band 
ensures high statistics, and hence lower noise but is affected by a strong decrease in 
contrast. Generally, it was shown from the results that the optimum energy band 
width lies between 0.5 keV and 2 keV, in order to ensure a good compromise 
between statistics and noise.
The effect of different contrast agent concentration was also investigated, 
where as expected, the results for all detectors show that the visibility in the resulting 
image is higher for the higher iodine concentration than for the lower concentration. 
The explanation to this is reduced in iodine concentration in the solution that 
contributes to photons attenuation decreases the CNR (visibility of details). Linear fit 
to the data for the CNR as a function of concentration has been used to explain the 
result. Not in all cases the CNR ratio obtained match with what is expected from the 
concentration ratio. The reason for this is the expected reduction ratios were 
calculated based on theoretical values of the contrast agent concentration. 
Reduction ratios from measurements would be different due to concentration error 
occurred during the process of dilution and the chemical reaction of the contrast 
agent when added with distilled water.
By investigating the effect of different test object entrance surface dose as a
function of iodine concentration, the results show that the CNR increased as the
entrance surface dose increases. This is where a balance of patient's safety and
having a good quality X-ray image is very important. Increasing the iodine
concentration and entrance surface dose will results in a very good quality image
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however can increase the adverse reactions associated with contrast agent and can 
increase the radiation dose delivered to a patient. The iodine concentration used in 
this work is higher than the average projected iodine concentration in malignant and 
benign masses in the subtracted images of breast, which is up to 4 mg/cm2 as 
reported in Jong et al 2003. However, the entrance surface dose used in this study is 
very low (in the range of 25-400 pGy) (MGD in the range of 9.8-157.2 pGy) 
compared to the average glandular dose delivered to a patient in a single projection 
of conventional screen-film mammographie examination which is ranging between 1- 
3 mGy (Skarpathiotakis et al. 2002).
Work in Chapter 3 was a preliminary work on small-size spectroscopic 
detectors. From the experiments done in Chapter 3, the results confirm the feasibility 
of K-edge subtraction imaging by using these position-sensitive spectroscopic 
detectors and of a polychromatic beam from a conventional X-ray source.
In Chapter 4 the aim was to continue the work from Chapter 3 by using a 
custom-made breast phantom that simulates the breast structure, and by using a 
larger area 80 x 80 pixel array CdTe (Acrorad) detector. The feasibility of the 
technique by using a larger detector size will demonstrate the possibility of X-ray 
spectroscopic imaging to be conducted in application such as breast imaging. The 
same experiments as in Chapter 3 were done to investigate the feasibility of the 
technique for this more complex phantom with a non-uniform background. Instead of 
applying only logarithmic subtraction algorithm, a more generic dual energy 
algorithm was also applied to reconstruct the resulting image. From the results of 
log-subtracted image (by applying the logarithmic subtraction algorithm) and “iodine 
equivalent image” (by applying the dual energy algorithm), both images show greater 
visibility of the detail than the image obtained by integrating the whole spectrum (that 
simulating an image obtained with a non-spectroscopic detector). Therefore, these 
results proved the effectiveness of the technique (for both algorithms) in the removal 
of a non-uniform background, to highlight the detail. In this work, the non-uniform 
background is a mixture of different diameter acrylic spheres and olive oil that 
simulates the non-uniform structure of glandular and adipose tissues in the breast. 
Here, these results show the potential benefit of the K-edge subtraction technique
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compared to conventional absorption imaging to aid in detectability of lesions in 
breast cancer imaging, by enhancing the visibility of lesions through the removal of 
the cluttered background of normal breast tissue.
As in Chapter 3, the effect of integrating different energy band width, effect of 
different contrast agent concentration and effect of entrance surface dose were also 
investigated.
By investigating the effect of integrating different energy band width, the 
results show that there is an optimum energy band to ensure maximum contrast-to- 
noise ratio (CNR) for the resulting images (for both algorithms), due to a compromise 
between high contrast, achieved with narrow bands, and low statistical noise, 
achieved with wide integration bands. The optimum integration band for both 
algorithms, which is averagely between 1 keV and 5 keV wasn't much different from 
the optimum integration band in Chapter 3, which is averagely between 0.5 keV and 
2 keV. This optimum band width is optimised for this type of detectors (in particular 
with its associated energy resolution). The reason why the band shifted to a higher 
range in this work might be because of higher filtration, 3 mm Al filtration instead of 2 
mm (as in Chapter 3) had been used. The filtration was increased to increase the 
mean energy, closer to the iodine K-edge (33.2 keV), meaning the sensitivity of the 
technique has been improved by using the highest possible proportion of X-rays with 
energy of 33.2 keV to increase the probability of photoelectric absorption. So here in 
this chapter, the technique has been optimised.
By investigating the effect of different contrast agent concentration and the 
effect of different phantom entrance surface dose as a function of iodine 
concentration, as expected, the results for both algorithms show the same results as 
in Chapter 3. The results show that the visibility of detail in the resulting image is 
higher for the higher iodine concentration than for the lower concentration and the 
CNR increased as the entrance surface dose increases. As in Chapter 3, linear fit to 
the data for the CNR as a function of concentration has been used to explain the 
result. Similarly, not in all cases the CNR ratio obtained match with what is expected 
from the concentration ratio. Reduction ratios from measurements would be different
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due to concentration error occurred during the process of dilution and the chemical 
reaction of the contrast agent when added with distilled water.
As in Chapter 3, a balance of patient's safety and having a good quality X-ray 
image is very important. As in Chapter 3, the iodine concentration used in this work 
is higher than the average projected iodine concentration in malignant and benign 
masses in the subtracted images of breast, which is up to 4 mg/cm2 as reported in 
Jong et al 2003. The entrance surface dose used in this study however is very low 
(in the range of 16-160 pGy) (MGD in the range of 6.3-63.0 pGy) compared to the 
average glandular dose delivered to a patient in a single projection of conventional 
screen-film mammographie examination, which is ranging between 1-3 mGy as 
mentioned in (Skarpathiotakis et al. 2002)
Work in Chapter 4 was a continuation of work from Chapter 3 by using a 
larger-size position-sensitive spectroscopic CdTe detector and a breast phantom 
with a non-uniform background. From the experiments done in Chapter 4, the results 
confirm the capability of both image subtraction algorithms: logarithmic subtraction 
and dual-energy linear combination to remove the background to enhance the 
visibility of details. The results show that dual-energy algorithm performs consistently 
better than logaritmic subtration in terms of both contrast improvement and structural 
noise reduction in the iodine image. This is due to the reasons; firstly, as the dual 
energy algorithm is less reliant on the selection of two integration bands that are 
close to each other to exploit the maximum difference in the attenuation coefficients 
of iodine on the two sides of the K-edge; therefore, the dual energy algorithm is less 
affected by the drop in contrast resulting from the use of broader bands. Secondly, 
as the dual energy algorithm is not relies on the assumption about the attenuation 
coefficients of the background material; therefore, the dual energy algorithm is not 
affected by the choice of narrow and close to each other integration bands.
The results for the spectroscopic detector in this chapter were compared with 
the results from digital images obtained by using a conventional digital 
mammography unit (with a standard detector). The results show that the CNR 
(visibility of the detail) is higher for the spectroscopic detector (using both algorithms)
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compared to the CNR obtained with the standard detector, for the same entrance 
surface dose. Here, the results confirm the potential benefit of K-edge subtraction 
technique compared to conventional absorption imaging to aid in detectability of 
lesions in breast cancer imaging.
In Chapter 5, the application of the technique to real case scenarios were 
tested. In this chapter, a very low concentration of iodine is used, which is 4.0-4.2 
mg/cm2 which is around the average projected iodine concentration in malignant and 
benign masses in the subtracted images of breast, as reported in Jong et al. 2003.
Firstly, theoretical considerations were taken for using a very low 
concentration where the typical exposure needed to ensure visibility of the detail 
above noise as a function of concentration and detail thickness is calculated. The 
calculation shows the average photon intensity in the background region for the
image below the K-edge, I 1^  should be at least in the order of 70,000-71,000 
counts, for the detail with iodine area densities of 4.0 mg/cm2 to be visible. By using 
longer acquisition to acquire higher counts for / ^ w , the resulting images were 
obtained using both algorithms. From the results however, although with higher 
counts of around 90,000 counts and higher dose of 32 Gy, which is as much
a ten-fold increase in entrance surface dose, the visibility of the detail wasn't much 
improved. Random noise might contribute to the degrading of image quality by 
reducing the CNR.
Because the image subtraction cannot be done with reasonable time and 
dose to get a clear visibility of the detail, in the second part, dynamic measurements 
using a dynamic breast phantom was done with full spectrum acquisition instead. 
The results show that dynamic measurements work with full-spectrum acquisition. 
Image subtraction might not work for dynamic measurements at this time, but as the 
development of the detector is progressing to refine the performance, hopefully, 
image subtraction for dynamic measurements could be done in future.
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6.2 Suggestions for future work
The results of this preliminary study suggest that dual energy technique with 
spectroscopic pixellated detectors and polychromatic beams potentially may be 
useful in identification of lesions in the earlier stage (when tumour size is small) and 
in examinations involving dense breast. The results from this work have shown that 
this technique has the capability to further enhance the contrast of the detail by 
removing the cluttered background (that simulates the anatomical structure in the 
breast) through image subtraction methods used. Based on this, further investigation 
of contrast-enhanced digital mammography (specifically the dual energy technique 
using this approach) as a diagnostic tool for breast cancer is suggested and 
encouraged.
The technique in this work could be improved by further optimisation of the 
spectral shape, that is, to shape the X-ray energy spectrum so that the spectrum is a 
narrow energy spectrum with the peak centred at the iodine K-edge (33.2 keV). This 
is to further increase the photoelectric absorption to provide higher radiological 
contrast, and to further reduce the spectral components not contributing to the image 
formation, hence reducing the dose. Finding the optimal spectral will be possible by 
choosing the appropriate tube voltage (kVp) and aluminium filter (or other suitable 
filter) thickness.
Beside iodine-based contrast agent, used for the present study, the use of 
Gadolinium with a higher K-edge (50.2 keV) could be addressed. Basically, a lower 
K-edge energy means that more low-energy photons (due to lower binding energy of 
the K-shell electron of the iodine atom) are absorbed with iodine than with 
Gadolinium (Fredenberg et al. 2010). The high absorption results in a high tissue 
dose. With a higher K-edge energy, lower average glandular dose will be expected. 
In addition, with higher atomic number, Gadolinium has higher probability of 
photoelectric absorption, therefore, higher absorption coefficient. Gadolinium 
absorbs a greater fraction of the photon energy spectrum, and, on an equimolar 
basis, produces stronger attenuation of X-rays and greater contrast in vivo than 
iodine (Watkin, McDonald 2002). For this reason, the dual energy technique using
this approach should be explored using a Gadolinium-based contrast agent.
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The result in Chapter 5 shows that, at this time, the dynamic measurements 
for image subtraction cannot be done with a reasonable timescale and dose to get a 
clear visibility of the detail, for a very low concentration of iodine used. However, this 
was a feasibility test but as the development of the detector is progressing towards 
to improve its performance with a faster version of HEXITEC, in future, hopefully this 
technique might be able to provide sufficient image contrast for mammography. 
Therefore, this investigation should be continued in line with the detector 
improvement.
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